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Notices 


then  Government  drawings,  specifications,  or  other  data  are  used  for  any  purpose 
other  than  in  connection  with  a  definitely  related  Government  procurement  operation, 
the  United  States  Government  thereby  incurs  no  responsibility  nor  any  obligation 
whataoeveri  and  the  fact  that  the  Government  may  have  formulated,  furnished,  or  in 
any  way  supplied  the  said  drawings,  specifications,  or  other  data,  is  not  to  be 
regarded  by  implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture, 
use,  or  sell  any  patented  invention  that  may  In  any  way  be  related  thereto. 


C&sllfled  requesters  my  obtain  copies  of  this  report  from  the  Defense  Documen¬ 
tation  Center  (CDC),  Cameron  Station,  Bldg,  5,  5010  Duke  Street,  Alexandria,  Virginia, 
22314,  The  distribution  of  this  report  Is  limited  because  the  report  contains 
technology  Identifiable  with  Items  on  the  strategic  embargo  lists  excluded  from 
export  or  re-export  under  U.  S.  Export  Control  Act  ef  l?4g  (63  STAT.  7),  as  amended 
(50  U.S.C.  App.  2020.2031),  as  implemented  by  AFR  400-10. 


Copies  of  this  report  should  not  be  returned  to  the  Research  and  Technology 
Oivlslon,  Rrlght-Patterson  Air  Force  Base,  Ohio,  unless  return  Is  required  by  security 
considerations,  contractual  obligations,  or  notice  on  a  specific  document. 
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THE  STRESS- OURRC  SIC  tl  AMD  ACCELERATED  CRACK-  PRCPAGAT  K  H  DEHAVD  R  I  F 
TITANIUM  AMD  TITANIUM  ALLEYS 

J.  D.  Jackson  and  W.  K.  Boyd 


SUMMARY 

This  technical  note  summarizes  Information 
which  has  become  available  to  DMIC  on  the  stress- 
corrosion  cracking  and  crack  propagation  behavior 
of  titanium  alloys  in  a  variety  of  environments# 

Much  of  this  information,  particularly  that  re¬ 
garding  accelerated  crack  propagation  in  aqueous 
and  liquid  solutions,  is  preliminary  and  the  con¬ 
clusions  offered  herein  should  be  viewed  as  tenta¬ 
tive  and  subject  to  change  as  additional  information 
bccc.tca  available. 


this  problem  when  titanium  alloys  were  first  con¬ 
sidered  as  candidate  materials  in  supersonic  trans¬ 
port  (SST;  aircraft.  A  critical  review  of  the  data 
available  on  this  subject  through  the  period  of 
July,  1964,  was  given  by  Boyd  and  Fink  in  a  NASA 
publication.! 2}  in  1965,  considerable  interest 
was  aroused  from  the  finding^)  that  several  pre¬ 
cracked  titanium  alloys  were  subject  to  accelerated 
failure  when  stressed  in  some  environments.  This 
has  since  become  a  matter  of  concern  to  both  the 
deep-diving  submersible  vehicle  program  (DDS)  of 
the  Navy  as  well  as  to  the  SST  program. 


Almost  all  titanium  alloys  are  susceptible 
to  stress-corrosion  cracking  at  elevated  tempera¬ 
tures  in  chloride  salts.  This  reaction  shows  a 
time-temperature-stress  dependency  in  which  the 
critical  values  of  these  three  parameters  vary 
significantly  among  the  different  titanium  alloys^ 
In  general,  most  alloys  show  *heir  greatest  sus¬ 
ceptibility  at  temperatures  from  550  F  through 
800  F  although  at  least  one  susceptible  alloy  has 
shown  some  degradation  of  properties  after  an  ex¬ 
posure  of  6400  hours  at  temperatures  slightly 
above  400  F  and  a  stress  of  about  61  ksi.  F 
exposure  period  of  100  hours,  the  threshold 
necessary  to  initiate  salt-corrosion  cracking 
varies  from  20  to  100  ksi  at  550  F  to  values  from 
less  than  5  to  50  ksi  at  800  F,  depending  on  alloy 
composition  and  heat  treatment. 


he  mechanism  of  hot-salt  stress-corrosion 
cracking  apparently  Involves  sodium  chloride, 
oxygen,  water,  and  reaction  products  of  titanium 
dichloride,  sodium  hydroxide  and  titanium  dioxide. 
Cyclic  exposure  from  room  temperature  to  test 
temperature  greatly  reduces  the  susceptibility  to 
hot-salt  stress-corrosion  cracking.  Silver  and 
silver  compounds  may  cause  stress-corrosion  crack¬ 
ing  of  titanium  alloys  at  700  F  and  above.  A  type 
of  stress-corrosion  cracking  has  also  been  ob¬ 
served  in  liquid  nitrogen  tetroxide  at  105  F. 
Solutions  of  methyl  alcohol  containing  hydrochloric 
or  sulfuric  acids  crack  titanium  as  does  con¬ 

tact  with  liquid  mercury  and  molten  cadmium.  Ti¬ 
tanium  and  its  alloys  also  suffer  severe  stress- 
corrosion  cracking  and/or  pyrophoric  reaction  in 
dry,  red  fuming  nitric  acid. 


Through  the  use  of  new  experimental  tech¬ 
niques,  accelerated  crack  propagation  of  pre¬ 
cracked  titanium  specimens  has  been  Observed  in 
certain  environments  in  which  titan  IwnNiad  previ¬ 
ously  shown  little  or  no  corrosion.  ThiK technique 
in  essence  eliminates  the  Initiation  step  apd  pro- 
•ides  a  more  rapid  means  of  evaluating  suscepti¬ 
bility  to  stress-corrosion  cracking  under  simulated 
service  conditions. 


INTRODUCTION 

While  the  susceptibility  of  titanium  alloys 
to  stress  corrosion  by  hot  salt  has  ceen  known 
since  1957,1  1)  renewed  attention  was  fccused  on 


It  should  be  emphasized  that  neither  of 
these  phenomena  are  unique  to  titanium  and  its 
alloys.  Nonetheless,  it  does  appear  that,  under 
certain  conditions,  most  titanium  alloys  are  sus¬ 
ceptible  to  failure  in  either  or  both  of  these 
environments.  It  is  alco  quite  clear  that  the 
problems  imposed  by  stress-corrosion  cracking  and 
crack  propagation  in  titanium  alloys  are  not  in¬ 
surmountable.  Finally,  it  should  be  recognized 
that  much  work  is  still  in  progress  i.o  completely 
define  the  critical  parameters  in  the  hot-salt 
stress-corrosion  cracking  and  crack  propagation  of 
titanium  alloys.  These  include  programs  with  the 
full  or  partial  support  of  the  Air  Force,  Federal 
Aviation  Agency,  National  Aeronautics  Space  Admini¬ 
stration,  and  Navy.  Emphasis  in  the  current  work 
is  being  devoted  to  determining  which  alloys  and/ 
or  specific  forms  and  conditions  of  heat  treatment 
provide  the  least  degree  of  susceptibility  or 
highest  degree  of  immunity  to  these  forms  of  failure 
as  well  as  to  what  mechanisms  are  involved.  Until 
these  programs  are  complete,  c  full  and  fair 
assessment  of  the  hot-salt  stress-corrosion  cracking 
and  crack-propagation  susceptibility  of  titanium 
alloys  in  liquids  will  not  be  possible. 

Despite  this  qualification,  interest  in  these 
problem  areas  is  widespread,  and  DMIC  continues  to 
receive  numerous  requests  for  information  on  the 
subject  of  the  stress-corrosion  cracking  behavior 
of  titanium.  Consequently,  this  note  was  prepared 
to  provide  a  brief  summary  of  the  reports  and  papers 
which  have  recently  become  available  on  this  subject. 
In  addition  to  information  on  stress-corrosion 
cracking  by  hot  salt,  this  note  also  summarizes 
the  available  date  on  the  stress-corrosion  cracking 
behavior  of  titanium  and  its  alloys  in  other  media 
such  as  methyl  alcohols,  red  fuming  nitric  acid, 
silver,  cadmium,  and  mercury. 

In  compiling  this  information,  DMIC  gratefully 
acknowledges  the  permission  of  the  American  Society 
for  Testing  Materials  to  use  selected  date  from  a 
collection  of  14  papers  which  were  presented  at 
the  ASTM  Pacific  Area  National  Meeting  in  Seattle, 
Washington,  on  Ntvember  1-2,  1965.  The  complete 
collection  of  these  papers  Vs  scheduled  for  publi¬ 
cation  by  the  ASTM  as  Special  Technical  Publication 
No.  397  on  or  about  May  15,  1966. 
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A*  noted  previously ,  a  review  of  the  avail¬ 
able  data  and  proposed  mechanisms  of  hot-salt 
stress-corrosion  cracking  were  presented  by  Boyd 
and  Fink!  2)  in  1964.  The  information  reviewed  here 
is  intended  to  supplement  that  report.  However, 
two  related  preliminary  statements  bated  on  that  re¬ 
port  amrlt  repeating  here.  The  first  it  that  the 
susceptibility  of  tltaniuai  alloys  to  stress- 
corrosion  cracking  by  hot  salt  hat  largely  been 
demonstrated  through  the  use  of  a  variety  of  lab¬ 
oratory  tests.  The  second  is  that,  to  date,  no 
aircraft  service  failures  from  hot-salt  stress- 
corrosion  cracking  of  titanium  alloys  have  been 
reported  even  though  these  have  been  used  exten¬ 
sively  in  air  frames  and  jet  engines  at  operating 
temperatures  as  high  as  900  F. 


It  appears  that  aiost  titanium  alloys  are 
susceptible  to  some  degree  to  hot-salt  stress- 
corrosion  cracking.  The  alpha-phase  alloys,  such  as 
Tl-SAl-2.5Sn,  Tl-7Al-12Zr,  and  Tl-5Al-5Sn-5Zr,  are 
apparently  most  susceptible  to  attack.'4'  The 
alpha-beta  alloys  are  less  susceptible,  and  the  de¬ 
gree  of  susceptibility  may  Increase  with  Increases 
in  aluminum  content.! 4)  por  example,  the  T1-8A1- 
lMo-lV  alloy  (both  at  mill  annealed  and  duplex 
anneale4  Is  very  susceptible.  However,  the  Tl-BMn 
alloy,  which  contains -no  aluminum,  it  also  sus¬ 
ceptible. 

Alloys  with  intermediate  resistance  an  Ti- 
5Al-5Sn-SZr-lMo-lV,  T1-6A1-4V,  Tl-6Al-6V-2Sn,  Tl- 
5Al-2.75Cr-l.25Fe,  and  Ti-3Al-llCr-13V.  Among  the 
most  resistant  alloys  are  TI-4A1-3Mo-1V,  T1-2.5A1- 
lMo-10Sn-5Zr,  ( IMI  679  u4'  and  an  experlawntal 
Ti-2Al-4Mo-4Zr  alloy.!  5) 
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FIGURE  1.  EFFECT  OF  EXPOSURE  VARIABLES  ON  THE 
OCCURRENCE  OF  VISIBLE  SALE  STRESS- 
00RHDSI0N  IN  Ti-8Al-lMo-lV<  V 


Hot-salt  stress-corrosion  cracking  of  ti¬ 
tanium  alloys  is  a  function  of  temperature,  stress, 
and  tlaw  of  exposure.  In  very  general  terms,  hot- 
salt  stress-corrosion  cracking  has  not  been  ob¬ 
served  below  about  500  F.  The  temperature  range 
of  greatest  susceptibility  is  550  F  to  800  F,  and 
within  this  range,  time  to  failure  is  decreased 
as  either  the  temperature  or  stress -level  is  in¬ 
creased.  There  also  appears  to  be  an  upper 
temperature  limit  at  which  general  corrosion  Is  so 
rapid  as  to  mask  any  atress  corrosion  cracking. 

These  limits  are  about  800  F,  900  F,  and  1000  F  for 
the  T1-6A1-4V.  Tl-SAl-lMo-lV,  and  Tl-7Al-12Zr  alloys, 
respectively.!®' 

These  general  effects  of  temperature,  stress, 
and  time  are  illustrated  for  the  Tl-SAl-lMo-lV  alloy 
in  Figure  1  which  summarizes  data  reported  prior 
to  April,  1965. I7'  Some  inconsistencies  are  ap¬ 
parent  in  this  figure  and  probably  arise  from 
differences  in  heat  treataant  and/or  the  test  con¬ 
ditions  that  were  used  by  the  various  sources. 

More  recent  information  indicates,  for  example, 
that  stress-corroalon  cracking,  per  se,  of  titanium 
alloys  "does  not  occur  at  500  F,  at  least  within 
8000  hours”,  although  it  does  occur  at  525  F  "under 
high  stresses  and  long  times”.!5'  Figure  2  shows 
soma  1000  hour  exposure  data  for  several  alloys 
Which  agree  with  this  premise.  On  the  other  hand, 
other  investigators  have  shown  that  tome  of  the 
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FIGURE  2.  RESIDUAL  STRENGTH  OF  TITANIUM  ALLOTS 
AFTER  EXPOSURE  TO  SODIUM  CHLORIDE  FOR 
1000  HOURS!®' 

more  susceptible  alloys  display  susceptibility  at 
temperatures  below  500  F  and  tlams  of  less  than 
8000  hour*.  Specifically,  Figure  3  from  a  NASA 
study!®'  shows  the  changes  in  room- temperature 
ductility  that  were  observed  on  residual  stress 
specimens  of  duplex  annealed  Ti-8Al-iMo-lV  after 
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FIGURE  3.  STRESS-T BtPERATURE  THRESHOLDS  FOR  DUPLEX 
ANNEALED  Tir^Al-lMo-lV  RESIDUAL  STRESS 

SPECIMENS'") 

Staple*  previously  bent  through  radii 
shown,  then  salt  coated  and  exposed  at 
teoperatures  from  400  F  to  600  F  for 
tines  Indicated,  and  bent  to  failure  at 
rooei  temperature. 

exposures  of  3200  and  6400  hours  at  temperature* 
down  through  400  F.  These  results  indicate  that, 
for  exposures  of  6400  hours,  some  damage  has  oc¬ 
curred  on  the  material  exposed  at  teoparatures 
slightly  above  400  F. 


The  threshold  stress,  or  stress  above  which 
hot-salt  stress-corrosion  cracking  can  occur,  ha* 
been  reported  for  several  alloys  using  various 
tine  periods.  For  example,  the  approximate,  short- 
time  ( 100  hours)  threshold  values  are  shown  In 
Table  1.  Seme  discrepancies  can  be  noted  In  the 
table.  These  may  occur  because  of  variations  In 
experimental  techniques,  metallurgy,  or  heat  treat¬ 
ments.  These  data  aic  presented  for  Information 
only,  and  are  not  necessarily  indicative  of  service 
results. 


Obviously,  longer  times  at  temperature  will 
tend  to  reduce  the  threshold  stress  values.  For 
example,  the  threshold  stress  of  Tl-SAl-lMo-lV  1* 
decreased  by  30  percent  at  850  F  when  the  time  in¬ 
creases  from  100  to  1000  hours.' Experiments 
are  presently  being  run  for  times  of  up  to  30,000.  . 

hours,  to  duplicate  anticipated  SST  service  life.'1*) 
Result*  after  times  to  20,000  hour*  are  summarised 
In  Table  2.  Note  that  failure*  have  also  occurred 
with  specimen*  which  were  silver  brazed  but  not  salt 
coated.  This  stress-corrosion  cracking  la  caused 
by  silver  and  silver  salts,  as  discussed  In  another 
section.  As  Indicated  In  Table  2,  no  hot-salt 
failures  have  been  observed  for  T1-6A1-4V  after 
20,000  hour*  at  390  F  and  up  to  36  ksl  stress. 

The  combined  effects  of  tls>e,  temperature, 
and  stress  for  several  titanium  alloys  are  shown 
In  Figure  4,'  which  represents  date  from 

many  sources.  These  data  suggest  the  stress¬ 
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FIGURE  4.  APPLICATION  OF  LARSEN-MILLER  PARAMETER 
FOR  PREDICTING  STRESS-CORROSION  CRACK¬ 
ING  BY. HOT  SALT  OF  ANNEALED  TITANIUM 
ALLOYS'  10  * 

corrosion  cracking  thresholds  for  the  various  al¬ 
loys.  This  plot  employs  the  empirical  Larsen- 
Mlllar  parameter,  originally  used  for  generalizing 
creep  data  In  steel.'13'  Excellent  agreement  is 
indicated  for  the  data.  From  this  plot,  th*  esti¬ 
mated  threshold  stress  for  hot-salt  cracking  at 
330  F  and  30,000  hours  Is  43,000  psi  for  Ti-4Al-3Mo- 
IV  (annealed),  30,000  psl  for  Tl-SAl-lMo-lV  (triplex 
annealed)  and  T1-6A1-4V  (annealed),  28,000  psl  for 
Tl-3Al-2.75Cr-l.25Fe  (annealed)  and  18,000  psl  for 
Tl-3Al-2.SSn  (annealed). 

The  ductility  of  titanium  alloys  is  also  re¬ 
duced  after  long-time  exposure  to  hot  salt.  .This 
ha*  been  shown,  for  exsmple,  In  a  NASA  study! 14) 
where  mill-annealed  Tl-SAl-lMo-lV  sheet  and  various 
other  titanium  alloy  sheets  were  exposed  at  350  F 
for  times  up  to  7000  hr  at  50  and  100-ksl  stress 
levels.  These  were  salt  coated,  restrained  bend 
specimens  which  after  exposure  were  bent  to  smaller 
radii  until  failure  occurred  ( see  reference  for 
test  details).  For  convenience  of  measurement, 
chord  length  was  measured  at  th*  point  of  specimen 
failure  which  ms  then  compared  with  chord  length 
(  l.e.,  a*  a  measure  of  defoxsMtion)  of  salt-free 
exposed  samples.  A  summary  of  th*  result*  obtained 
In  this  study  1*  given  In  Figure  5.  Th*  experi¬ 
ments  indicate  th*  relatively  high  susceptibility 
of  mill-annealed  Tl-SAl-lMo-lV  alloy  under  these 
conditions. 
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TABLE  1.  APPROXIMATE  THRESHOLDS  FOR  STRESS-CORROSION  CRACKING  OF 
TITANIUM  ALLOYS  IN  HOT  SALT 


Condition 

559 

6(?9 

100  Hr  Threshold  Stress. 
650  700  750  800 

_ 

850 

?P9 

950  . 

Reference 

Ti-4Al-3Mo-lV 

Aged 

95 

- 

25 

• 

25 

- 

10 

Annealed 

84 

78 

- 

28 

- 

15-49 

- 

- 

- 

10,  5 

Tl-2.5Al-lMo-10Sn-5Zr 

Aged 

- 

- 

- 

70 

- 

40 

35 

- 

4 

Ti-5Ai-5Sn-5ir-lMo-lV 

69 

- 

- 

- 

- 

35 

- 

- 

- 

5 

T 1-6A1-4V 

Aged 

• 

95 

65 

25 

30 

12 

15 

- 

- 

10,  4 

Annealed 

53 

50 

- 

22 

- 

18-24 

- 

- 

- 

10,  5 

Tl-5Al-2.75Cr-l.25Fe 

Aged 

- 

80 

- 

25 

- 

18 

- 

- 

- 

10 

Annealed 

- 

45 

- 

- 

- 

15 

~ 

- 

- 

10 

TI-8AI-IM0-IV 

Aged 

- 

- 

- 

- 

25 

- 

20 

- 

4 

Annealed 

25 

55 

- 

23 

- 

18 

- 

- 

- 

10,  5 

Ti-5Al-2.5Sn 

Annealed 

28 

30 

- 

15 

- 

10-20 

- 

- 

- 

10,  5 

Tl-7Al-12Zr 

- 

- 

- 

<5 

- 

- 

- 

4 

Ti-5Al-5Sn-5Zr 

• 

- 

* 

- 

<5 

- 

<5 

- 

4 

TABU  2.  BOOM-TEMPERATTJRE  TENSILE 

PROPERTIES  OF  TITANIUM  ALLOYS 

AFTER  650  F 

EXPOSURE'  “) 

Number 

Number 

Yield 

Exposure 

of 

of 

Strength, 

Elongation, 

Environment 

_ Time.  Hrs _ 

_ Tafts _ 

Failures _ 

ksi 

_ percent 

Tl-BAl-lMo-lV  Mill  Annealed*  *> 

Air  .  , 

20,000 

3 

None 

126-136 

17-20 

Snythetlc  Sea  Salt'2) 

2,600-10,000 

3 

3 

129-140 

15 

Silver  Braze'3) 

9,000-18,500 

5 

5 

107-133 

1-14 

Braze  and  Salt 

9,600-18,500  ' 

3 

3 

55-123 

0-9 

Synthetic  Sea  Salt'*' 

20,000 

3 

None 

131-137 

18-20 

None 

2 

- 

133 

13.6 

Ii,=6M-4y.- 

Solution-Treated 

tnd  Aae/  ^ 

Air 

20,000 

3 

None 

132-160 

14-15 

Synthetic  Sea  Salt 

20,000 

3 

None 

146-158 

14-18 

Sliver  Braze 

5,500-10,000 

4 

4 

118-131 

8 

Braze  and  Salt 

7,000-15,000 

3 

3 

116-138 

9-11 

Synthetic  Sea  Salt'*) 

20,000 

3 

None 

132-153 

14-15 

None 

• 

1 

125 

15 

(  1)  Specimen*  are  cantilever  typei  stress  varies  from  23-37  ksl  for  T1-6A1-4V  and  23-31  ksl  for  T1-8AI- 
lMo-lV  when  unnotched  or  45-58  ksl  for  T1-6A1-4V  and  56-67  k*i  for  TI-8AI-IM0-IV  when  notched. 

(2)  Six  parts  NaCl  -  1  part  MgClj. 

(3)  Dynabraze  B  -  94.8Ag-5Al-0.2Mn. 

(4)  Alternate  exposurei  2  weeks  650  F  air  -  2  weeks  water  saturated  air  at  100  F. 
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FIGURE  5.  EFFECT  OF  TIME  AND  STRESS  ON  THE  550  F 
SALT-STRESS-OORROSION  DEGRADATION  OF 
PROPERTIES  OF  SELECTED  TITANIUM 
ALLOYS* 


Effect  of  Ty 


of  Salt 


In  preliminary  work  on  the  hot-salt  problem, 

It  was  reported  that  the  ASTM  synthetic  sea  salt 
consisting  of  7  parts  NaCl  and  1  part  of  MgClo  ap¬ 
peared  to  be  more  agresslve  than  sodium  chloride 
in  causing  hot-salt  problems. ( 2, 15)  This  was  be¬ 
lieved  true  because  of  the  higher  ionic  conductivity 
end  lower  melting  point  of  the  synthetic  salt. 

Recent  studies  have  shown,  however,  that  NaCl  may 
actually  be  slightly  more  severe  and  that  MgCl2 
content  may  not  be  a  critical  factor.' '>»*&)  The 
indication  that  salts  containing  MgCl2"6H20  were 
■ore  severe  could  have  been  caused  by  the  water 
of  hydration,  since  water  is  apparently  necessary 
for  hot-salt  cracking  as  discussed  later.  In  addi¬ 
tion,  thin  salt  coatings  are  more  damaging,  because 
the  oxygen  necessary  for  the  attack  can  penetrate 
thin  coatings  easier.  To  date,  the  salt  coating 
thicknesses  have  not  been  standardized  among  in- 
vestlga tors. 

The  relative  cracking  effect  of  several  salts 
on  the  Ti-8Al-lMo-lV  is  shown  in  Figure  6.(9) 

This  shows  the  loss  of  ductility  after  exposure  at 
600  F  of  samples  that  were  residual ly  stressed  (by 
bending  over  a  l/4-lnch  radius)  to  66  ksl,  then 
bent  to  failure  after  exposure.  Sodlua  chloride 
had  the  swst  severe  effect  followed  by  7NaCl-lMgClj 
and  sea  salt,  in  that  order.  MgCl,,  by  Itself, 
caused  only  a  slight  loss  of  ductility,  [hose  re¬ 
sults  I  ■ivo  been  confirmed  by  others.'  *  ’■ 


FIGURE  6. 


100  500  1000 

Exposure  at  600  F,  hr 

EFFEC'  OF  TYPE  OF  SALT  ON  STRESS 
CORROSION  OF  DUPLEX  ANNEALED  T1-8A1- 
lMo-lV  ALLOY  SHEET  AT  600  f(9) 


A  number  of  titanium  alloys  were  examined 
for  susceptibility  to  salt  stress-corrosion 
cracking  in  a  fairly  comprehensive  study!  10)  di¬ 
rected  jointly  by  ASD,  FAA,  and  NASA  and  conducted 
at  Douglas  Aircraft  Company,  McDonnell  Aircraft 
Corporation  and  with  support  work  elsewhere.  In¬ 
cluded  in  this  work  was  an  evaluation  of  various 
alloys  to  stress-corrosion  attack  by  synthetic 
sea  salt  in  which  the  variables  studied  covered 
alloy  heat  treatment,  grain  direction,  sheet 
thickness,  anodizing,  and  welding.  Figure  7  is 
a  summary  of  the  findings  after  creep-tension  ex¬ 
posures.  Based  on  the  maximum  stress  at  which  no 
stress-corrosion  cracking  was  apparent  in  100  hr, 
the  alloys  were  rated  in  order  of  decreasing  re¬ 
sistance  to  stress  corrosion  as  follows: 


At  600  F 


T1-6AI-4V  aged 
T1-4A1-3MO-1V  aged 
Ti-4Al-3Mo-lV  annealed 
Tl-5Al-4FeCr  aged 
Ti-8Al-lMo-lV  triplex  annealed 
T1-6A1-4V  annealed 
Ti-5Al-4FeCr  annealed 
Ti-5Al-2.5Sn  annealed 


At  700  F 


Ti-4Al-3Mo-lV  annealed 
Tl-4Al-3Mo-lV  aged 
T1-6A1-4V  aged 
Tl-5Al-4FeCr  aged 
Ti-8Al-lMo-lV  triplex  annealed 
T1-6A1-4V  annealed 
Ti-5Al-2.5Sn  annealed 
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FIGURE  7.  EMMMEf  OF  STttat-amXVM  TEST  RESULTS ,  SYNTHETIC  S£A-6ALT-a>ATEp  ^ 
T'TMIUM  MJUCVS  AT  ELEVATED  TStPERATURE,  100  HR  -  SMOOTH  SPECTRES*  “» 


At  800  F 


7 


[\]  Ti-4Al-3Mo-lV  aged 
(2}  Ti-5Al-4FeCr  aged 

Ti-8Al-lMo-lV  triplex  annealed 
Ti-6/l-4V  annealed 
T’-5Al-4reCr  annealed 
Ti-4Al-3Mo-lV  annealed 
(3;  U-6A1-4V  aged 

Ti-5Al-2.5Gn  annealed. 

Other  salts  which  have  teen  shown  tc  cause 
damage  to  titanium  alloys  at  elevated  temperatures 
(100  hours  at  750  F)  are  shown  in  Table  3.'^) 

Nal  and  Nahr  are  Kss  harmful  than  NaCl,  as  are 
CaCl2  and  MgCl2«  sulfides  are  less  harmful 

than  the  chlorides.  Na2<X’3  and  Na2SC4  appeared 
to  have  no  effect. 


Lxyg^n  present  In  the  oxide  film  may  also  be 
sufficient  tc  ;  rcm'-  V-  h't-salt  cracking.  For 

example,  *wc  hcles  weie  drilled  in  a  ii-.Ai-2.uSn 
block.  iMa'JJ «  ".A.  was  placed  ir* It  :  h.les* 

Til '2  was  also  put  into  one  hole.  Toe  holes  were 
closed  arid  welded  shut  i.  •  a  vacuum  arc  fjrr.ace. 

The  specimen  was  rolled  at  180  and  th«-*n  held  at 
900  F  fcr  ICO  h.urs.  Mo  reactivity  was  observed 
in  the  cavity  containing  Na'-l  alc.te,  and  white 
crystals  remained.  The  ether  cavity,  however,  had 
reacted  to  form  a  black  hygroscopic  corrosion  pro¬ 
duct. ( 

The  necessity  fcr  oxygen  probably  accoi  n  s 
for  the  fact  that  cracking  occurs  at  the  edges  of 
salt  deposits,  and  is  more  severe  for  thl..  salt 
coatings.' ^ 


TABLE  3.  CHEMICALS  CAUSING  CRACKING  OF  TITANIUM 
ALLOYS,  100  HOURS  750  F.^6' 


AgCl 

MgCl2 

NaBr 

H,S 

BaCl2 

NaCl 

Nal 

MoS 

CaCl2 

NiCl3 

Na2S 

CCla 

SnCl2 

reCl3 

ZnCl2 

HC1 

Chlorinated  hydrocarbons 

KCi 

LiCl 

used  : 

There  is  some  evidence  that 
in  aircraft  construction  may 

sealing  compounds 
also  cause  stress- 

corrosion  cracking  at  temperatures  of  the  order  of 
50C  F.^7'  Many  of  these  compounds  contain  chlo¬ 
rides,  and  some  decomposition  might  be  expected  to 
cause  stress-corrosion  cracking. 

Effect  of  Oxygen,  Air  Pressure,  and  Velocity 


Exposure  of  salt-coated,  bent  Ti-8Ai  IMi— IV 
specimens  1  j  21  mph  air  flow  for  48  hours  af.  *'>5^  F 
showed  no  discernable  effcc+  of  air  velof  .  ,v.^' 
Similar  specimens,  heavily  salt-cooted,  were  ex¬ 
posed  at  450  F  to  Mach  3  aij  for  two  25-second 
runs.  Some  salt  was  blown  <  ff ,  but  enough  remained 
to  cause  cracking  in  subsequent  exposure  of  the 
self-stressed  samples  after  95  hours  at  6i,r  F  in 
an  oven. (9)  Further  studies  are  required. 

Effect  of  Water 

The  role  of  water  in  the  hot-salt  stress- 
corrosion  cracking  of  titanium  alloys  is  not 
clearly  known.  For  example,  the  moisture  content 
of  air  in  the  dewpoint  range  of  -40  tc  60  F  appears 
to  have  little  effect  on  the  loss  of  ductility  of 
the  Ti-8Al-lMo-lV  alloy  at  550  F  using  NaCl.w*^) 
When  extra  dry  oxygen  is  used  in  baked  out  and 
evacuated  equipment,  no  hot-salt  cracking  Is  re¬ 
ported  after  2  hours  at  800  F  with  NaCl  (<0.01 
percent  MgC^).'-*'  A  similar  sample  with  humid 
air  was  severely  cracked. 


The  necessity  for  oxygen  in  the  hot-salt 
stress-corrosion  cracking  of  titanium  alloys  has 
been  reported  by  several  investigators.  For 
example,  hot-salt  stress-corrosion  cracking  of 
Ti-5Al-2.5Sn  was  readily  observed  at  800  and  900  F 
at  an  air  pressure  as  low  as  10  microns  Hg. 
However,  when  the  pressure  was  reduced  to  1  micron 
Hg,  no  cracking  was  observed.^) 


The  loss  of  ductility  of  stressed  titanium 
specimens  exposed  to  hot  salt  is  lessened  as  the 
oxygen  content  or  air  pressure  is  reduced.' 18) 
This  is  shown  in  Figure  8.  At  an  air  pressure 
equivalent  to  feet  altitude,  34  mm  Hg,  a 

decrease  in  si  * lily  is  indicated  over  that 

at  atmospheric  e  fur  the  T1-8AI-IM0-IV 

alloy  at  550  F. 


Relative 

shortening 


In  the  absence  of  oxygen,  water  by  itself  is 
not  sufficient  to  promote  cracking.  For  example, 
when  ice  was  sublimed  in  an  evacuated  system  free 
of  oxygen,  no  stress  corrosion  was  found  after  2 
hours  at  800  F.(5) 


In  other  experiments,  moisture  was  reported 
to  exert  a  strong  inf luence.^ 19, _  )  in  one  study, 
the  equipment  used  was  nearly  closed,  and  the  flow 
of  air  could  be  regulated  from  an  air  compressor. 
Moist  air  was  maintained  at  1.8  to  2.8  percent 
water.  Dry  air  was  obtained  by  passing  it  at  20 
to  40  ml/min  through  Drierite  to  give  an  estimated 
dewpoint  of  -100  F(<10  ppm).  Cracking  of  the  Ti- 
BAl-lMo-lV  alloy  at  650  f  and  50,000  psi  stress 
when  exposed  to  sea  salt,' ^0)  required  150  hours 


(»)  Oacyf«n.  (*b)  Air  pressure. 

FIQJRE  8.  EFFECT  if  l  XYGEN  AND  AIR  PRESSURE  t-N  SALT  STRESS  GCRRt  SK’N  OF  DUPLEX  ANNEALED 
Ti-8Al-lMo-l V  ALL*  Y  5ht.iT  AT  550  (See  also  Figure  5) 


8 

In  dry  »ir  versus  10  hours  for  moist  air.  A  simi¬ 
lar  result  was  obtained  by  others.'  19' 

In  experiments  using  a  mixed  salt  of  NaCl 
and  MgCl2-6H20,  severe  cracking  was  reported  when 
using  dry  oxygen. ’  16)  the  water  of  hydration  of 
the  MgCl2  is  apparently  sufficient  to  promote  the 
cracking.  However,  when  "a  small  amount  of  excess 
water"  is  added  to  the  system,  longer  specimen 
life  was  found.  This  apparently  indicates  a  criti¬ 
cal  moisture  level. 

On  the  basis  of  these  results,  it  appears 
that  water  is  a  necessary  requirement,  and  must  be 
considered  in  any  mechanism  study.  When  the  amount 
of  water  present  is  very  low,  as  with  baked-out 
equipment  or  dry  air,  the  severity  of  the  test  may 
vary  with  water  content.  This  could  cause  the 
apparent  variation  in  results  with  different  salts 
in  early  work.  At  intermediate  water  levels,  no 
variation  in  the  severity  of  attack  is  noted.  At 
high  water  levels,  the  reaction  products  might  be 
diluted,  causing  a  decline  in  severity  of  the  at¬ 
tack  . 

Effect  of  Chlorine  and  HC1 

Hoist  chlorine  gas  was  found  to  cause  rapid 
stress-corrosion  cracking  of  clean,  bent  T1-BA1- 
illo-lV  specimens  at  550  F  within  500  hours/9*16) 

A  dark,  purple  corrosion  product  similar  in  ap¬ 
pearance  to  TiClj  was  formed. 

HC1  also  caused  stress-corrosion  cracking 
of  polished  and  stressed  samples  of  TI-8AI-IM0-IV 
at  650  F.'16'  Some  samples  failed  within  15 
minutes.  In  one  case,  no  cracks  were  observed  on 
a  specimen  after  6  hours.  Failure,  however,  oc¬ 
curred  within  another  half  hour.  The  cracking 
was  intergranular  and  similar  to  hot-salt  cracks. 
Electron  fractographs  indicated  fracture  was 
rapid  and  mechanical.  Cleavage  of  fracture  faces 
was  Indicated. 

Cyclic  Exposure 

Cyclic  exposure  to  hot  salt  is  apparently 
less  severe  even  when  total  time  at  temperature 
is  the  same.  Two  heats  of  Ti-8Al-lWo-lV  (duplex 
annealed)  were  exposed  to  alternate  dip  in  3-1/2 
percent  NaCl  water  for  10  minutes  and  550  F  for 
2-1/2  hours  at  stresses  of  50  to  90  percent  of 
yield  strength.! ®)  After  2000  hours  (667  cycles) 
no  effects  of  stress-corrosion  cracking  were  ob¬ 
served,  and  almost  no  degradation  of  physical 
properties  was  detected.  This  can  be. compared 
with  the  1000-hour  degradation  as  shown  in 
Figure  2. 

In  other  studies,  the  cycle  time  and 
temperature  were  varied/9)  A  salt  dip  was  em¬ 
ployed  only  prior  to  the  exposure.  Figure  9 
shows  the  results  of  this  work.  Note  that  the 
curves  indicate  time  at  temperature.  Only  slight 
degradation  of  the  ductility  of  the  Ti-8Al-lMo-lV 
alloy  occurs  at  550  F  when  the  cycle  time  is  2 
hours  at  temperature.  The  degradation  Increases 
as  the  time  at  temperature  increases.  However, 
even  with  16-hour  cycle  time,  the  amount  of  de¬ 
gradation  did  not  appear  to  be  as  severe  as  con¬ 
tinuous  exposure. 


The  above  studies  indicate  that  an  incuba¬ 
tion  period  may  be  required  for  stress-corrosion 
cracking  to  be  initiated.  It  may  be  that  one  of 
the  reactants  necessary  for  cracking  is  destroyed 
by  the  room-temperature  exposure.  See  the  section 
on  mechanism  for  further  discussion. 

Fatigue 

Fatigue  does  not  appear  to  have  much  effect 
or.  the  hot-salt  susceptibility  pf  most  titanium 
alloys  at  elevated  temperature  /  1°'  Ti-4Al-3Mo-lV 
(annealed  or  aged),  Ti-5Al-2.5Sn  (annealed), 
TI-6A1-4V  (annealed  or  aged),  Ti-5Al-2.5Cr-l.25Fe 
(annealed),  and  Ti-8Al-lMo-lV  (triplex  annealed) 
were  not  susceptible  to  salt-corrosion  fatigue 
at  600  F  using  synthetic  sea  salt.  The  TI-4A1-3MO- 
IV  (annealed),  T1-6A1-4V  (annealed  or  aged),  and 
Ti-5Al-2.75Cr-l.25Fe  (annealed)  were  not  affected 
by  salt  when  tested  at  800  F.  Only  TI-8AI-IM0-IV 
showed  reduced  fatigue  life,  but  only  when  exposed 
'to  synthetic  sea  salt  at  800  F.  At  60,000  psi, 
the  cycles  to  failure  were  reduced  from  106  to 
about  104  cycles,  at  100  cpm.  These  results  are 
shown  in  Figures  10  and  11. 

Heat  Treatment 

The  hot-salt  stress-corrosion  cracking 
susceptibility  of  titanium  alloys  can  be  altered 
by  heat  treatment.  For  example,  TI-8AI-IM0-IV  is 
very  susceptible  in  the  mill  annealed  condition, 
and  slightly  less  in  the  duplex  annealed  condition. 
However,  when  in  the  triplex  annealed  condition, 
its  resistance  is  much  improved,  as  evidenced  by 
the  number  of  cracks  formed  on  the  surface.'17' 

Thus,  at  500  F  and  90,000  psi  stress  after  1000 
hours,  no  cracks  (by  dye  penetration  method)  were 
found  in  the  triplex  condition  while  about  10  for 
the  duplex  annealed  and  1000  for  the  single  an¬ 
nealed  condition  were  found. 

The  microstructure  of  alloys  also  seems  to 
be  important.  Often,  some  heats  of  a  particular 
material  are  characterized  by  coarse  grain  struc¬ 
ture/6'  However,  even  fine  grain  structure  heats 
were  made  less  resistant  by  long-term  heat  treat¬ 
ment  at  high  temperature.'4'6'  The  grain  structure 
of  T1-6A1-4V  was  found  to  change  with  solution 
treatment  plus  aging  (24  hours  at  1050  F,  l/2  hr 
1650  HQ  +  8  hr  950  F  AC,  or  l/2  hr  1700  F  HQ  + 

1/2  hr  1400  F  AC).  Less  beta-phase  or  more  equlaxed 
structure  was  observed  in  the  aged  material/6' 

Long  rolling  and  annealing  times  were  also  found 
to  Increase  the  susceptibility  of  Ti-7Al-12Zr  tv 
hot-salt  cracking/6) 

Cracking  seems  to  occur  both  lntergranularly 
and  transgranularly  although  failure  was  primarily 
intergranular,  in  material  which  was  largely  alpha- 
phase/4) 

Heating  Tl-6Al-12Zr  above  its  bete-transus 
(—1825  F)  changed  the  mode  of  failure  from  inter¬ 
granular  to  transgranular/ 6)  A  similar  transi¬ 
tion  was  also  found  with  Tl-5Al-2.5Sn,  i.e., 
heating  above  1925  F  produced  transgranular 

failure/6) 
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Accumulated  exposure  at  550  F,  hr 

FIGURE  9.  EFFECT  OF  2-,  4-,  6-,  8-,  and  16-HOUR  THERMAL  CYCLES  ON  SALT-STRESS 
CORROSION  OF  DUPLEX-ANNEALED  T1-8A1-1M0-1V  ALLOY  SHEET  AT  550  F 

(Tests  with  residual  stress  specimens  initially  bent  to  l/8-lnch 
radius  for  a  calculated  residual  stress  of  70  ksl.)(9) 


FIGURE  10.  CORROSION  FATIGUE  AND  AtH-FATIGUE  S-H 
CURVES  FOR  TI-8AI-IM0-IV  TRIPLEX  AN- 
NEALEIA  10’ 


Tested  at  800  F  with  or  without  salt 
coating. 

Segregation  of  aluminum  and  vanadium  in 
TI-6A1-4V  and  of  molybdenum  In  TI-8AI-IM0-IV  has 
been  observed  in  the  areas  of  hot-salt  failures.  '^D 
In  addition,  a  distinct  change  In  appearance  hcs 
been  reported  in  the  immediate  vicinity  of  the 
crack . 

Heat  treatments  at  1450  F,  1650  F,  and  1850  F 
of  brake-formed  T  i-8Al-lMo-lV  samples  apparently 
provided  some  resistance  to  hot-salt  crapking  at 
550  F  for  short  term  (30-hour)  exposure.!^ 


FIGURE  11.  CORROSION  FATIGUE  OR  AIR  FATIGUE  (SAME) 
S-N  CURVES  FOR  TITANIUM  ALLOYS' 16) 

Tested  at  600  F,  with  and  without  salt 
coating. 


However,  long  term  (  1000-hour)  exposure  at  600  F 
of  bent  Ti-8Al-lMo-lV  specimens  showed  only  minor 
improvement  when  stress  relieved  in  air  at  1450  F 
for  l/2  hour.  Stress  r-l!"*  i"  argon  was  much 
more  effective  than  in  air.!?) 

Surface  Treatment  and  Coatings 

No  difference  was  observed  between  H-8A1- 
lMo-lV  specimens  in  the  as-received  or  highly 
polished  consltion  with  respect  to  hot-salt 
cracking  susceptibility.' 
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The  use  of  shot  peening  and  vlbretory  clean¬ 
ing  apparently  Increased  the  resistance  of  TI-8A1- 
lMo-lV  alloys  to  hot-salt  cracking  by  creating  a 
compressive  surface  layer. !9»18,22) 

The  use  of  certain  coatings  on  a  titanium 
surface  shows  promise  of  protection.  Surface 
coatings  of  nickel  plate,  aluminum  plate  and  zinc 
plate  show  promise  of  delaying  attack,  when  the 
coating  Is  nun-porous. (b, 0,22)  In  one  study, 
flame-sprayed  aluminum  and  nickel  and  electroless 
nickel  were  porous  and  not  very  effective  while 
hot-dipped  aluminum  gave  good  protection.!  6)  in 
other  work  at  TMCA,!23)  promising  results  were 
obtained  with  a  duplex  nickel  coating.  This  was 
applied  to  bar  samples  of  Ti-8Al-lMo-lV  by  plating 
0.001  in.  (0.0005  in.  per  side)  of  nickel  on  a 
specimen,  withdrawing  the  piece  fTom  the  bath, 
rinsing,  then  activating  the  piece  electrolytically 
in  a  proprietary  solution  (C-12,  Puma  Corporation)  . 
The  specimen  was  then  thoroughly  rinsed  and  plated 
with  an  additional  0.001  In.  of  nickel.  Several 
electroplating  baths,  Including  Watts  B-3, 

Sulfamate  B-28,  and  Modified  Watts-Sulfamate  B-39a 
and  b.  have  been  used  to  apply  the  duplex  coating. 
Details  on  the  bath  compositions  and  procedures 
for  operating  these  are  given  elsewhere.  Some 
test  results  on  the  duplex-nickel-coated  T1-8A1- 
lMo-lV  alloy  are  given  in  Table  4. 

An  organic  aromatic  polyimide,  l/2  to  1  mil 
thick,  protected  Ti-8A 1- IMo-lV  from  cracking  up  to 
1000  hours  at  600  F,  before  spalling  of  the  coating 

occurred.!  9) 

The  effect  of  anodized  films  on  titanium  ls0 
not  completely  clear,  gold-anodized  ( 100  to  200  A) 
and  blue-anodized  (600  A)  films  did  not  prevent 
the  degradation  of  T1-8A1- IMo-lV  at  550  F .' 

Specimens  of  both  T1-8A1-1MO-1V  and  T1-6A1-4V 
anodized  by  the  aqueous  hydrogen  phosphate  tech¬ 
nique  were  not  protected  in  long  term  tests.' 10«12) 
In  short-term  tests,  some  protection  of  TI-8AI-IM0- 
IV  was  obtained  by  NaNH4-HP04  anodized  film.! 23) 

In  view  of  the  role  of  oxygen  (even  as  Ti02)  on  the 
hot-salt  cracking,  it  is  not  believed  that  anodized 
films  will  offer  satisfactory  protection. 


Laboratory  studies  on  the  mechanism  of  hot- 
salt  stress-corrosion  cracking  of  titanium  alloys 
have  Included  such  factors  as  type  of  salt,  effect 
of  oxygen  and  water,  type  of  reaction  (whether 
solid,  liquid,  or  gaseous),  and  identification  of 
corrosion  products.  Studies  to  date  have  indi¬ 
cated  that  several  types  of  chloride  salts  will 
initiate  failure.  However,  NaCl  now  appears  to 
be  most  reactive. 

The  role  of  oxygen  and  water  appears  more 
clear.  Oxygen  or  a  reducible  oxide  (T102)  must 
be  present  for  cracking  to  occur,  although  the 
critical  concentration  of  oxygen  is  low  ( 1  to  10 
microns  Hg  pressure) .  Water  may  also  enter  into 
the  reaction  and  appears  to  be  necessary,  although 
its  critical  concentration  is  low  (on  the  order  of 
10  ppm) . 

Until  recently,  the  type  of  reaction  was 
believed  to  be  a  gas  or  liquid  phase  reaction, 
although  failure  could  not  be  induced  in  a  speci¬ 
men  separated  from  the  salt  by  an  air  gap.  This 
seemed  to  indicate  that  a  solid  phase  reaction  or 
a  low  melting  point  liquid  was  required.  It  was 
curious,  however,  that  damage  around  a  salt  de¬ 
posit  usually  flared  out  above  the  deposit,  indi¬ 
cating  a  gas  phase  reaction.'6) 

Recent  work  has  indicated  that  a  gas  phase 
reaction  can  occur.!6)  Stressed  titanium  specimens 
were  piaceo  above,  but  not  touching,  (l)  NaCl, 

(2)  NaCl  +  Ti02,  and  (3)  NaCl  +  TIO,  +  Ti.  After 
24  hours  at  1200  F  or  65  hours  at  900  F,  cracking 
was  obtained  with  samples  placed  above  (2)  and 

(3) ,  but  not  with  (1).  Also,  a  U-bend  specimen 
of  T1-6A1-4V  stress  cracked  at  750  F  after  20 
hours  when  placed  in  a  tube  furnace  containing 
NaCl  on  Tl  chips. 

Recently,  tentative  Identification  has  been 
made  of  some  of  the  products  of  the  reaction. 

X-ray  studies  have  indicated  the  presence  of 
NaOH,'21)  T1C12,(9,1B)  and  possibly  Ti02(9»l5,18,19) 
and  Tio(9*18)  in  corrosion  products.  X-ray  peaks. 


TABLE  4.  HOT-SALT  STRESS-CORROSION  DATA  ON  NICKEL-OOATED  Ti-8Al-lMo-lV  ALLOY  SPECIMENS!23) 


Tensile  Properties  After  Exposure 
Yield 


Nickel  Bath 

Salt  Exposure 
Temp, 

_ t _ 

Time, 

hr 

Stress, 

ksi 

Total  Creep 
Deformation, 

% 

Tensile 

Strength, 

ksi 

Strength, 
at  0.2  % 
Offset, 
ksi 

Elongation 
( In./In.) 

%  . 

Sulfamate  B-28 

850 

150 

55 

0.49 

155 

132 

18 

Ditto 

850 

150 

55 

0.75 

154 

130 

20 

Modified  Watts 

850 

150 

55 

0.91 

159 

134 

12 

Sulfamate  B-39  a 

and 

b 

850 

150 

55 

1.00 

157 

133 

12 

Sulfamate  B-28 

850 

2000 

37 

0.27 

154 

132 

19 

Ditto 

850 

2000 

37 

0.39 

155 

133 

21 

850 

2000 

37 

0.41 

154 

131 

22 

" 

850 

2000 

37 

0.41 

152 

133 

19 

Modified  Watts 

850 

2000 

37 

0.44 

161  ' 

140 

13 

Sulfamate  B-39  a 

and 

b 

850 

2000 

37 

2.22 

158 

138 

8 

Ditto 

850 

2000 

37 

1.18 

160 

141 

16 

" 

850 

2CC0 

37 

0.76 

157 

138 

12 
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identified  as  TiCl2,  decreased  with  time.  When 
the  corrosion  products  were  dissolved  in  water, 
a  gas  bubbled  off  and  the  solution  became  acidic, 
as  would  be  expected  if  TiCl2  were  present. 

The  presence  of  Cl2  or  HC1  gas  was  also  indicated 
when  gases  from  NaCl-Tl  mixture  at  1200  F  were 
passed  through  a  potassium  iodide  solution.'*' 

A  gas  sample  analyzed  by  a  mass  spectrograph  was 
found  to  contain  air,  water,  and  chlorine.'*) 

On  the  basis  of  the  above  result-,  ^he 
mechanism  apparently  involves  NaC],  O2,  H20,  and 
reaction  products  of  TiCl2,  NaOH  and  Ti02.  A 
possible  reaction  Iss 

2NaCl  +  Ti  +  l/202  +  H20  =  TiCl2  +  2NaOH. 

(6F  -40  Kcal  at  600  K) 

That  an  unstable  intermediate  such  as  TiCl2 
is  involved,  is  further  indicated  by  the  cyclic 
studies  (room  temperature  to  operating  temperature) 
in  which  reduced  susceptibility  is  found. 

Studies  have  shown  that  aluminum  and  vana¬ 
dium  nay  be  selectively  attacked,  since  their 
concentrations  are  relatively  higher  in  the  cor¬ 
rosion  products.' 1*'  NaOH  by  Itself  will  also 
give  selective  attack,  but  no  cracking.  Inhibi¬ 
tion  of  stress  cracking  was  obtained  by  a  pre- 
treatment  in  NaOH  at  650  F  for  7  days  before  salt 
exposure. 

A  more  recent  theory  proposes  that  NaCl  and 
water  react  to  form  NaOH  and  HCl.'l*)  The  HC1 
reacts  with  the  protective  oxides  on  the  surface, 
forming  unprotective  chlorides.  The  hydrogen  re¬ 
leased  by  the  attack  of  the  exposed  titanium  is 
then  believed  to  diffuse  into  the  metal  to  cause 
subsequent  hydrogen  embrittlement. 

This  mechanism  does  not  entirely  account 
for  the  apparent  need  for  oxygen,  but  indicates 
the  need  for  water.  The  HC1  detected  in  this 
work'  I*)  might  come  from  decomposition  of  T1C12 
with  water,  as  suggested  in  Reference  5. 

STRESS-00 RROS ION  CRACKING  BY  SILVER 
AND  SILVER  CPMPOUNDS 

At  high  temperature,  silver,  silver  chloride, 
and  silver  braze  have  been  shown  to  have  a  defi¬ 
nite,  detrimental  effect  on  titanium  alloys,  and 
appear  to  cause  a  form  of  stress-corrosion  crack¬ 
ing. 

A  silver  braze  coating  (Dynabraze  "B",  con¬ 
sisting  nominally  of  94.8Ag-5Al-0.2Mn)  on  titanium 
alloys  Ti-8Al-lMo-lV  and  T1-6A1-4V  caused  rapid 
surface  deterioration,  loss  of  adhesion  between 
braze  and  metal,  and  stress-corrosion  cracking 
after  exposure  in  air  at  650  F.'21)  (See  Table  2.) 
Of  the  failed  titanium  specimens,  only  slight 
differences  in  failure  time  were  noted  between 
brazed  specimens  with  or  without  salt  and  in  the 
notched  or  unnotehed  condition.  For  the  T1-6A1-4V 
alloy,  notched  specimens  were  stressed  to  45  or  58 
ksi  and  unnotched  specimens  to  23  to  37  ksi. 

Failure  times  ranged  from  5500  to  15,  OOO  hr.  For 
the  TI-8AI-IM0-IV  alloy,  notched  specimen  stress 
was  56  to  67  ksi  and  unnotched  specimen  stress 
was  23  to  31  ksi.  Failures  occurred  after  9000 
to  18,500  hr. 


An  investigation  of  failure  of  a  titanium 
alloy  engine  compressor  wheel  operated  at  high 
temperature  showed  the  role  of  silver  and  silver 
chloride  In  stress-corrosion  cracking  of  titanium 
alloys.' 2“*)  Previous  compressor  tests  below  700  F 
showed  no  failures.  Tensile  specimens  of  Ti-7A1- 
4Mo  and  Ti-5Al-2.5Sn,  uncoated  and  coated  with 
silver  chloride,  silver  plate,  vacuum  deposited 
silver,  and/or  F50  hydraulic  oil  and  salt  were 
used.  The  results  are  shown  in  Table  5.  Both 
silver  cr.d  silver  chloride  caused  stress-corrosion 
failure  of  the  alloys  at  700  F  and  higher.  No 
reduction  of  room- temperature  properties  was  found 
after  short-term  exposures  of  Tl-7Al-4Mo  at  600  F. 
As  a  result  of  this  work,  the  use  of  silver  plating 
these  parts  was  discontinued.  Instead,  organic 
bonded  dry  film  lubricants  or  graphite  greases 
were  adopted  in  place  of  silver  thread  lubricants 
and  molybdenum  disulfide  was  selected  over  silver 
anti-fretting  agents. 

Before  other  silver  compounds  are  applied 
to  titanium,  a  complete  evaluation  of  the  effects 
of  stress  and  temperature  on  the  stress-corrosion 
cracking  by  silver  is  reconmended. 

STRESS-OORfiOSION  CRACKING  BY  CADMIUM 

In  the  period  of  1956-1957,  experiences 
confirmed  that  both  the  Ti-4Al-4Mn  and  Tl-8Mn 
alloys  were  susceptible  to  stress-corrosion  crack¬ 
ing  by  molten  cadmium,  i.e.,  at  temperatures  above 
about  610  F.  Details  of  these  experiences  have 
been  summarized  in  an  earlier  DMIC  report.' l) 

In  general,  it  is  believed  that  for  attack  to 
occur  1 

1.  Fissures  must  exist  in  the  TiC>2 
surface  so  that  unprotected  titani'im 
will  be  exposed. 

2.  The  temperature  must  be  high  enough 
to  permit  the  cadmium  to  flow  into 
the  fissures. 

However,  no  stress-corrosion  cracking  is  anti¬ 
cipated  when  using  cadmium  in  contact  with  titanium 
below  610  F. 

STRESS-00 RROSION  CRACKING  IN 

RSP-EJK-W  WTMC  HW 

Titanium  has  low  corrosion  rates  in  both 
white  and  red  fuming  nitric  acid.*  See  References 
25  and  26.  However,  titanium  suffers  severe 
stress-corrosion  cracking  and/or  pyrophoric  re¬ 
action  in  dry  red  fuming  nitric  acid.  Water 
addition  of  1.5  to  2  percent  inhibits  this  re¬ 
action.  The  current  military  specification  of 
2.5  4  0.5  percent  water  In  red  fuming  nitric  acid 
Is  safe  for  use  with  titanium.  The  0.6  percent 
addition  of  HF  added  to  Inhibit  attack  of  stainlest 
steels  and  aluminum  increases  the  corrosion  attack 
of  fuming  nitric  acids  on  titanium. 


*  Military  Specification! 

White  fuming  HNO3  -  97*  Min  HNDg,  0-.015  *  N02, 
2 %  Max  H2O 

Red  fuming  HND3  -  82-85*  HN03,  14  i  1*  NOj, 
2.5  *  0.5*  HjO. 
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TABLE  5.  RESULTS  OF  STRESS-CORROSION  STUDIES  OF  TITANIUM 
ALLOYS  WITH  SILVER  AND  SILVER  CHLORIDE^4) 

* 


Temperature, 

F 

Stress, 

ksi 

Coatina 

Failure 

Time, 

_ hours _ 

800 

100 

IltTAIHKIv 

Bare 

40-396 

800 

100 

NaCl 

1.4-2. 6 

26o(b) 

800 

50 

NaCl 

nf(») 

800 

50(c) 

NaCl 

nf(«) 

260(b) 

800 

25 

NaCl 

NF 

260 

800 

100 

AgCl 

0,  0.06 

600 

'  no 

Bare 

NF 

llo(  8) 

600 

no 

AgCl 

NF 

110(8) 

875 

70 

S?.> 

146,  182 

875 

70 

NF 

112 

875 

70 

Ag  plate 

Ag  plate  +  F50( «) 

18.5 

875 

70 

20 

875 

70 

Ag  plate  +  NeCl 

4.8 

875 

70 

Ag  plated  £.id  then  stripped 

120 

875 

70 

Ag  (Vac.  Dep.) 

8,  9 

875 

70 

Ag  plated  bolt  (NaCl  coated  and  washed) 

33 

875 

70 

Ag  plated  bolt  from  service 

41 

875 

70 

Ag  plated  bolt 

26 

900 

48 

H=5.Ai-2^Sn 

8a  re 

NF 

100 

900 

48 

AgCl 

0  e03  ,  0  e06 

800 

58 

Bare 

NF 

100 

800 

58 

AgCl 

0.8 

700 

64 

Bare 

NF 

100 

700 

64 

AgCl 

19.5 

500 

71 

Bare 

NF 

100 

500 

71 

AgCl 

145 

875 

50 

ST.) 

175,  447 

875 

50 

394,  659 

875 

50 

Ag  plate 

0.4,  0.6 

875 _ _ _ ‘ 

50 

Ag  plate  +  F50(®) 

0.3,  1.8 

875 

50 

Bare 

184,  304 

875 

50 

NaCl 

36,  40 

875 

50 

Ag  (vacuum  deposit) 

15 

875 

50 

Ag  (vacuum  deposit)  +  NaCl 

1.3 

875 

50 

Au  ( vacuum  deposit) 

156,  241 

875 

50 

Au  (vacuum  deposit)  +  NaCl 

1.5 

875 

50 

Nl  (vacuum  deposit) 

210 

875 

50 

N1  (vacuum  deposit)  +  NaCl 

23 

875 

50 

Ag  plated  bolt 

117 

(a)  NF  means  no  failure. 


(b)  Severely  cracked. 

(c)  Notched  specimen. 

(d)  Room- temperature  properties  after  test?  yield  150-153  ksi,  El  10-11  percent. 

(e)  Hydraulic  oil. 
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can  be  accomplished  by  cathodic  polarization  to 
about  0.350  volt. 


STRESS  CORROSION  IN  METHYL  ALXHC'L  SOLUTIONS 

Titanium  (as  well  as  zirconium)  has  been 
found  to  suffer  stress-corrosion  cracking  in 
methanol  containing  HC1  or  H2SO4.127)  u-bend 
specimens  were  exposed  to  various  concentrations 
of  HC1  or  H2SO4  in  methanol.  Cracking  of  titanium 
occurred  within  about  an  hour  in  methanol  with 
0.4  percent  HC1,  and  in  about  a  day  with  1  percent 
H2S04.  The  cracking  time  decreased  with  increasing 
concentration  of  HC1.  A  concentration  as  low  as 
0.00b  percent  caused  cracking  within  24  hours. 

The  cracking  time  decreased  as  the  solution  tempera¬ 
ture  was  raised. 

The  presence  of  water  in  the  netnanol-0.4 
percent  HC1  solution  increases  the  time  required 
for  failure.  With  an  addition  of  1.5  percent 
water,  no  failure  of  titanium  was  observed. 

When  the  titanium  U-bend  specimens  were  an¬ 
nealed  at  930  F  for  10  minutes  or  at  840  F  for 
1  hour,  no  stress-corrosion  cracking  was  then 
found  in  the  HC1  solution. '27) 

Studies  have  shown  that  solutions  of  methyl 
alcohol  with  additions  of  bromine  are  extremely 
corrosive  to  titanium  and  titanium  alloys. (28) 
Corrosion  data  are  presented  in  Table  6.  Severe 
intergranular  attack  of  titanium  was  also  observed 
in  the  dilute  bromine  solution.  As  a  measure  of 
the  susceptibility  to  localized  attack,  a  "tendency” 
to  intergranular  attack  was  calculated  as  the  in¬ 
crease  in  ohmic  resistance  divided  by  the  weight 
loss  of  the  specimen.  As  shown  in  Table  6,  unal¬ 
loyed  titanium  has  a  high  tendency  to  intergranular 
attack  in  1  percent  bromine.  This  tendency  de¬ 
creases  with  higher  bromine  content,  as  the  cor¬ 
rosion  rate  increases. 

TABLE  6.  CORROSION  OF  SEVERAL  RUSSIAN  ALLOYS  IN 
METHYL  ALOOHOL-BROMINE  SOLUTIONS(  28) 


AUov(  ^ 

Corrosion,  mpy,  for  Bromine 
Content  indicated,  percent 

1 

2 

3 

4 

5 

VT1  (Unalloyed  grade) 

180 

290 

480 

650 

810 

VT5  ( 5A1 ) 

130 

220 

320 

410 

530 

VT3  ( 4.7Al-2.5Cr) 

70 

140 

.  210 

280 

360 

VT3-I  ( 4.4Ai-2Cr-lMo) 

65 

120 

140 

190 

- 

Iodide  titanium 

70 

140 

180 

240 

290 

Intergranular  Attack. 

Tendency!2) 

VT1 

19 

11 

5 

4 

3 

( 1)  Iodide,  VT1  and  VT5  are  alpha  alloys.  VT3  and 
VT3-1  are  alpha-beta  alloys. 

(2)  See  text. 


The  corrosion  rate  of  titanium  is  substan¬ 
tially  lowered  by  additions  of  water  to  methyl 
alcohol-bromine  solutions.  See  Table  7.  With  the 
first  additions  of  water,  the  severity  of  inter¬ 
granular  attack  Increases,  and  reaches  a  maximum 
at  5  percent  water.  This  tendency  to  localized 
attack  then  decreases  with  further  water  additions 
and  becomes  nil  at  30  percent  w^cer. 

The  attack  of  titanium  In  methyl  alcohol- 
bromine  solutions  is  electrochemical  In  nature. 
Protection  of  titanium  In  water-free  solution* 


TABLE  7.  EFFECT  IF  WATER  I'N  CORROSION  OF  VT-1 

UNALLOYED  TITANIUM  IN  METHYL  ALOOHOL-2 
PERCENT  BROMINE  SOLUTIONS! 28) 


BerCgnl; 


0 

2.5  5 

10 

20 

30 

Corrosion,  mils 

oer  veer 

290 

250  210 

80 

50 

Nil 

Intergranular  Attack 

.  tendency!  1) 

11 

28  55 

17 

5 

Nil 

( 1)  See  text. 

STRESS-OORROSION  CRACKING  IN  NITROGEN  TETROXIDE 

Mounting  unpublished  evidence  has  been  ac¬ 
cumulated  since  the  summer  of  1965  which  indicates 
that  the  Ti-6A1-4V  alloy  is  susceptible  to  stress- 
corrosion  cracking  in  liquid  N2O4,  While  much  of 
information  Is  still  tentative,  it  has  been  shown 
that  failures  can  occur  in  solution-treated  end 
annealed  Ti-6A1-4V  sheet  at  stresses  and  tempera¬ 
tures  as  low  as  90,000  psi  and  105  F  in  times  as 
short  as  40  hours.  The  various  parameters  which 
may  enter  into  this  reaction  (e.g,,  N2O4  purity, 
alloy  condition,  temperature,  stress  level,  time, 
etc.)  are  now  under  intensive  evaluation  in  several 
coordinated  programs  being  monitored  by  Bell  Aero- 
systems  for  NASA.  It  is  anticipated  that  a  pre¬ 
liminary  summary  of  the  findings  from  these  in¬ 
vestigations  will  be  released  for  dissemination  by 
DMIC  in  the  near  future. 

STRESS-CORROSION  CRACKING  IN  MERCURY 

«  rvo2  reference  (29)  reported  thet  the  Tl- 
13V-llCr-3Al  beta  alloy  suffered  unusually  severe 
cracking  attack  In  both  the  liquid  and  vapor  phase 
of  mercury  at  700  F,  Also,  embrittlement  of  titan¬ 
ium  scrap  and  alloy#  T1-75A  and  T1-6AI-4V  has  been 
observed  when  titanium  was  deformed  while  Immersed 
In  mercury. (30)  Wetting  of  unstressed  titanium  by 
mercury  requires  a  temperature  of  750  F  In  vacuum, 
while  reexposure  to  air  causes  dewetting, (30)  These 
reports  indicate  that  stress-corrosion  cracking  of 
titanium  and  Its  alloys  can  occur  In  mercury.  Con¬ 
sequently,  additional  studies  In  this  are*  are  re¬ 
commended  before  comnitting  titanium  or  its  alloys 
to  use  in  contact  with  mercury. 

ACCELERATED  CRACK  PROPAGATION  OF 
PRECRACKED  MATERIALS 

Recent  studies  have  shown  that  many  materials 
including  titanium  alloys  have  a  susceptibility  to 
stress-corrosion  cracking  in  environments  in  which 
susceptibility  was  not  previously  known.  These 
studies  use  special  techniques  which  reduce  the 
time-to-feilure  of  a  conventional  stress-cc^roslon 
cracking  specimen.  These  techniques  emplo1  pre¬ 
cracked  specimens  end  are  about  the  same  as  those 
used  currently  on  high-strength  alloys  for  the 
determination  of  fracture-toughness! 31)  and  delayed 
failure.! 32)  Thus,  calculations  for  fracture 
toughness  are  made  which  assume  conditions  of  plane 
strain.  Susceptibility  to  cracking  is  then  measured 
by  compering  the  stress  intensity  factor,  K ,  In 
psi  /in.,  obtained  in  elr  with  the  K  value  obtained 
in  the  liquid  media.  In  environments  In  which 


* 


* 


stress-corrosion  cracking  It  a  factor,  the  fatigue 
crack  propagatet  to  produce  rapid  failure. 

The  accelerated  crack. propagation  technique 
differs  from  ordinary  stress-corrosion  cracking 
evaluations  In  that  by  the  use  of  a  notch  or  crack 
the  Incubation  period  Is  essentially  eliminated. 

Experimental  Techniques 

The  basis  of  these  techniques  lies  with  the 
use  of  a  fatigue-cracked  specimen  in  which  a  stress 
riser  already  exists  and  to  which  a  stress  and  a 
selected  environment  are  applied.  The  specimens 
are  prepared  by  sawing  or  machining  a  notch  into 
one  edge  or  the  center  of  the  sample  and  then 
fatiguing  the  specimen  so  that  a  crack  is  ini¬ 
tiated  to  give  a  total  crack  length  (including 
the  notch  depth)  of  20  to  30  percent  of  the  speci¬ 
men  width.  This  fatigue  crack  thus  acts  as  a 
stress  riser  in  the  specimen  in  much  the  same  man¬ 
ner  as  a  pit,  or  other  natural  stress  concentrator 
that  results  from  corrosion  of  the  specimen. 

Stress  can  be  applied  to  the  specimen  either 
by  tensile  loading,  multiple-point  bending  or 
cantilever  loading.  A  plastic  container  placed 
around  the  specimen  contains  the  environment, 
or  the  test  medico  is  dripped  onto  the  cracked 
area.  The  specimen  is  loaded  to  a  given  value  and 
the  time  to  failure  noted.  An  alternate  method 
is  to  step-load  the  specimen  to  a  higher  load 
level  if  failure  does  not  occur  within  a  fixed 
time.  Additional  details  of  this  procedure  are 
given  in  References  3  and  33. 

When  precracked  titanium  specimens  are 
loaded  rapidly  in  an  environment  such  as  dry  air. 
failure  usually  occurs  by  plane  strain  at  high 
stresses.  This  point  Is  sometimes  used  as  a 
reference  point  to  compare  with  stress-corbosion 
cracking  failures  (see  Figure  12).  Howeveb,  if 
longer  times  at  constant  load  are  used,  failure 
will  occur  at  lower  values  in  air  as  shown  in 
Figure  12.  True  base-line  data  in  vacuum  are 
not  presently  available.  When  an  environawnt 
such  as  salt  water  is  used,  the  fatigue  crack  may 
propagate  at  lower  stresses,  causing  failure  at 
reduced  stress  values  as  shown  in  Figure  12. 

The  appearance  of  failed  specimens  is  shown 
in  Figure  13.  The  initial  fatigue  crack  is  the 
fan-shaped  crack  at  the  bottom.  In  air,  failure 
occurs  by  plane  strain  and  is  often  marked  by 
shear  lips.  In  sea  or  salt  water,  the  crack 
propagates  slowly  by  a  stress-corrosion  cracking 
mechanism,  as  shown  by  the  area  in  the  center 
of  the  specimen.  This  has  a  brittle  appearance 
usually  associated  with  stress-corrosion  cracking. 
When  the  specimen  will  no  longer  withstand  the 
stress,  rapid  failure  occurs  by  plane  strain. 

The  degree  of  susceptibility  of  a  material 
to  stress-corrosion  cracking  is  measured  by  com¬ 
paring  its  air  failure  stress  intensity  factor,  K, 
in  ksi  /in.  to  Its  value  in  salt  water  as  shown 
in  Figure  14.  The  stress  intensity  factor  for 
stress-corrosion  cracking,  Kiscc,  is  that  value 
above  which  failure  occurs  as  illustrated  in 
Figure  14.  Note  that  this  value  Is  essentially 
reached  after  a  short  time  and  that  this  time 
period  can  vary  from  one  material  to  another. 


Salt  Water 

Most  of  the  current  research  on  stress- 
corrosion  cracking  of  titanium  alloys  employs  salt 
water  or  seawater.  This  emphasis  is  due  to  the 
current  consideration  of  titanium  for  service  in 
undersea  vehicles  and  structures  and  for  aircraft 
operating  in  seacoast  atmospheres. 

Susceptible  Alloys 

Alloys  which  have  shown  some  degree  of  sus¬ 
ceptibility  are  listed  below  but  not  necessarily 
in  order  of  susceptibility i 

Unalloyed  Ti  (with  high  oxygen  content, 
i.e.,  0.317  percent) 

Ti-8Mn 

Ti-2.5Al-lMo-10Sn-5Zr  (IMI-679) 

Ti-3Al-llCr-13V 

Tl-4Al-4Mn 

Ti-5Al-2.5Sn 

Ti-6Al-2.5Sn 

Ti-6A1-4V 

T i-6Al-3Cb-2Sn 

Ti-6Al-4V-lSn 

T1-6A1-4V-2CO 

T 1-6A1-6V-2 . 5Sn 

Ti-7Al-2Cb-lTa 

Ti-7Al-3Cb  (as  received  and  beta  annealed) 

Tl-7Al-3Mo 

T 1-7 A l-3Cb-2Sn 

Ti-8Al-lMo-lV 

T i-8Al-3Cb-2Sn 

Preliminary  screening  tests  indicate  the 
following  alloys  to  be  insensitive  to  seawater 
crack  propagation  for  the  condition  usedr 

Ti-2Al-4Mo-4Zr 

Ti-4Al-3Mo-lV 

Ti-5Al-2Sn-2Mo-2V 

T1-6A1-2MO 

Ti-6Al-2Sn-lMo-lV 

Ti-6Al-2Sn-lMo-3V 

T 1-6A l-2Cb- IT a-0 . 8Mo 

Ti-6.5Al-5Zr-lV 

Tl-7Al-2.5Mo  (as  received  and  beta  an¬ 
nealed  +  WQ  +  110  F  - 
aged  for  2  hr) 

Table  8  presents  some  approximate  values  of 
the  stress-intensity  threshold  factor,  Kiscc,  for 
several  susceptible  alloys.  Each  value  was  ob¬ 
tained  from  constant  loading  to  fallvie  of  2  to  6 
specimens.  Note  that  considerable  variation  is 
evident  in  Ki,cc  in  different  conditions  of  the 
same  alloy.  Heat  treatment,  cos^osltlon,  and  site 
of  specimen  can  also  affect  the  results  (see  dis¬ 
cussion  in  later  sections). 

Table  9  presents  results  from  a  study  using 
precracked  Charpy  specimens.'37)  A  constant  load 
was  applied  by  3-polnt  beam  loading.  The  data  in 
Table  9  also  show  different  susceptibilities 
between  heat  treatments  for  a  given  alloy.  Soaw 
heat  treatments  of  T1-6A1-4V,  Ti-7Al-2Cb-lTa,  and 
Ti-3Al-llCr-13V  show  low  susceptibility.  T1-75A 
does  not  appear  to  be  susceptible.  Tt-4Al-4Nn 
has  poor  fracture  toughness  but  does  not  seem  to 
be  susceptible  to  cracking  in  the  condition  shoem. 
Table  10  shows  representative  values  for  two  alumi¬ 
num  alloys  which  do  not  show  susceptibility. 
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TABLE  8.  APPROXIMATE  STRESS  INTENSITY  THRESHOLD  VALUES  FOR  TITANIUM  ALLOYS 
SUSCEPTIBLE  TO  STRESS- OORROS ION  CRACKING  IN  3-1/23!  SALT  WATEr(36) 


Allov 

Specimen 

Cross  Section,' 

Condition _ in. _ 

Yield  Strength, 
ksl 

Stress  Intensity 
For  Instantaneous 
Air  Failure, 
ksi  /In.  .  . 

Stress  Intensity 

For  Stress-Corrosion 
Cracking,  Kisce, 
ksl  /in. 

Tl-7Al-2Cb-lTe 

As  Received 

1 

1 

x  11/16 
x  1/2 

102 

100-115 

100-110 

40 

63 

Ti-7Al-2Cb-lTa 

As  Received 

7/8 

x  1/2 

105-110 

100 

35 

Tl-7Al-2Cb-lTe 

As  Received 

1 

x  11/16 

106 

105 

43 

Tl-7Al-2Cb-lTe 

As  Received 

1/2 

x  1/2  ,  , 

113 

40 

40 

T l-7Al-2Cb- IT a 

As  Received 

1 

x  1/2  (2) 

131 

130 

88 

Tl-SAl-lMo-lV 

1825  F/l  hr/AC 

1 

x  1/2 

108 

110 

28 

TI-8AI-IM0-IV 

1700  F/l  hr/AC 
+  1200  F/2hr/t*Q 

1 

x  1/2 

120 

90 

23 

TI-8AI-IM0-IV 

As  Received 

1/8 

sheet 

130 

55 

18 

T 1-6A1-4V 

As  Received 

1 

x  11/16(3) 

118 

90 

67 

T1-6A1-4V 

As  Received 

1/2 

x  1/2 

124 

115 

95 

T 1-6A1-4V 

As  Received 

3/4 

x  1/10 

165 

65 

55 

Tl-5Al-2.5Sn 

As  Received 

1 

plate 

113 

130 

72 

Ti-5Al-2.5Sn 

As  Received 

1/2 

x  1/2 

114 

no 

39 

Tl-6Al-4V-lSn 

1825  F/l  hr/WQ 
+1100  F/2  hr/ 
AC 

1 

x  11/16(3) 

131 

115 

42 

T 1-6A 1-6V-2 .  5Sn 

1550  F/l  hr/*Q 
+  900  F/4  hr/ 

AC 

1 

x  3/4 

183 

55 

21 

T1-6A1-2MO 

1750  F/l  hr/AC 
+1100  F/2  hr/ 

m 

Seise  as  above 

1/2 

X  1/2 

124 

115 

76 

T1-6A1-2MO 

1 

x  11/16(3) 

125 

120 

102 

T1-7A1-3MO 

As  Received 

1 

plate 

107 

130 

45 

A-70(  A) 

As  Received 

1/2 

x  1/4 

80 

65 

44 

(1)  Specimen  cracked  through  longest  dimension. 

(2)  Side  grooved  to  3/8  Inch. 

(3)  Sid#  grooved  to  1/2  Inch. 

(4)  High  Interstitials. 


TABLE  9.  APPROXIMATE  STRESS  INTENSITY  VALUES  FOR  TITANIUM  ALLOYS 
BY  CHARPY  SPECIMENS  IN  LIQUID  ENVIRGtttEtm  D 


Apparent  Fracture  Tough- 


Allov 

Condition 

Plate 

Thick, 

Inches 

Grain 

Direction 

ness  Parameter  KII.  ksl 

(21  *'1'7 
Alri_l _ Air _ NaCl 

Ti-8Al-lMo-lV 

Duplex  Anneal 

2.5 

T 

68 

55 

28(3) 

Ti-8Al-lMo-lV 

Duplex  Anneal 

0.5 

L 

48 

46+ 

35 

Ti-8Al-lMo-lV 

Mill  Anneal 

0.5 

L 

49 

41+ 

27 

T1-8A1-1Mo-1V 

Hot  Roll  above  0  transus 

0.5 

T 

48 

25 

T1-8A1-1MO-1V 

1450  F/l  hr/ AC  +  1100  F/8  hr/ AC 

0.5 

L 

48 

41+ 

28(4) 

Ti-8Al-lMo-lV 

1450  F/l  hr/WQ  +  1100  F/8  hr/AC 

0.5 

L 

48 

32(4) 

TI-8AI-IM0-IV 

1650  F/l  hr/AC  +  1100  F/8  hr/AC 

0.5 

L 

97 

43 

27 

T1-8A1-1Mo-1V 

1650  F/l  hr/WQ  +  1100  F/8  hr/AC 

0.5 

L 

45 

41 

26 

T1-8A1-1MO-1V 

1850  F/l  hr/ AC  +  1100  F/8  hr/ AC 

0.5 

L 

55 

51 

31,  , 

T1-8A1-1MO-1V 

1850  F/l  hr/WQ  +  1100  F/8  hr/AC 

0.5 

L 

37 

24(5) 

T1-6A1-4V 

Mill  Annealed 

0.5 

T 

45 

3 7 

T1-6A1-4V 

Mill  Annealed 

0.5 

T 

59 

51 

4ll6) 

T1-6A1-4V 

1725  F/l/2  hr/WQ  +  1250  F/4  hr/ AC 

0.5 

T 

59 

53 

T1-6A1-4V 

1550  F/l/2  hr/WQ  +  1250  F/4  hr/AC 

0.5 

T 

52 

50 

T1-6A1-4V 

1850/1/2  hr/WQ 

0.5 

T 

58 

55 

56 

T1-6A1-4V 

1550  F/6  hr/WQ 

0.5 

T 

68 

69 

67 

Tl-6Al-4V-2Co 

1600  F/2  hr/AC 

0.5 

T 

65 

55 

32 

Tl-7Al-2Cb-lTa 

1650  F/l  hr/WQ 

0.5 

T 

84 

73 

Tl-7Al-2Cb-lTa 

1650  F/l  hr/WQ  +  1300  F/l/2  hr/AC 

0.5 

T 

83 

48 

Ti-4Al-4Mn 

Heat  Treated^7) 

0.375 

T 

22 

15 

14 

Ti-6Al-6V-2Sn 

1300  F/2  hr/AC 

- 

T 

44 

33 

T1-6A1 

1550  F/2  hr/AC 

0.5(8) 

L 

84 

29 

T 1-3A1- 1 lCr-13V 

1425  F/l/2  hr/WQ 

0.12(9) 

T 

55 

45 

41 

Tl-3Al-llCr-13V 

1425  F/l/2  hr/WQ  +  13C0  F/l/2  hr/AC 

0.12(9) 

T 

88 

28 

TI-75A 

1300  F/2  hr/AC 

0.l(9) 

T 

69 

51 

61 

T1-75A 

1550  F/l/2  hr/WQ 

0.1(9) 

T 

64 

58 

62 

( 1)  Cross-section  0.394  x  plate  thickness!  specimen  cracked  through  0.394  dimension. 

(2)  Loaded  to  failure. 

(3)  KU  In  water  Is  32\  50*  HN03,  32«  2*  HF,  30  ksl  /In. 

(4)  Kjj  In  kerosene  Is  41  ksl  /In. 

(5)  Kjl  In  kerosene  is  31  ksl  /in. 

(6)  Kii  in  tap  water  Is  57  ksl  /in. 

(7)  Estimated  yield  strength  -  140,000  psi. 

(8)  Rod. 

(9)  Sheet. 


TABLE  10.  APPROXIMATE  STRESS  INTENSITY  VALUES  FOR  OTHER  ALLOYS  BY  CHARPY  SPECIMENS^ 
IN  LIQUID  ENVIRONMENT^7' 


Allov 

Plate  Thickness, 

Grain 

Direction 

imi 

A1  2024 

T  351 

0.5 

T 

31 

29* 

A1  7075 

T  651 

0.5 

T 

23 

22+ 

(a)  Cross  section  0.394  x  plate  thickness.  Specimen  cracked  through  0.394  dimension. 

(b)  Loaded  to  failure. 


18 


Preliminary  det*  as  shown  In  Tables  11  and 
12  Indicate  the  unalloyed  titanium  with  high 
oxygen,  as  well  as  several  alpha  and  near-alpha 
alloys, are  susceptible.  These  data  compare  nomi¬ 
nal  bending  stresses  at  failure  In  air  with  fail¬ 
ure  in  seawater.  All  specimens  that  failed  in 
seawater  had  a  typical  appearance  of  brittle 
fracture.  Several  non-susceptible  alloys  are  also 
shown. 

The  susceptibility  of  pre-cracked  titanium 
alloys  to  stress-corrosion  cracking  in  salt  water 
appears  to  be  affected  by  the  aluminum  and  tin 
content  and  Isomorphous  beta  stabilizers/ 38,39) 
Data  compiled  In  Table  11138)  indicate  that  the 
susceptibility  occurs  with  higher  aluminum  or 
aluaiinuoi-tin  contents.  A  notable  exception  to 
this  general  trend  is  the  susceptibility  of  the 
Ti-8Mn  alloy. 

In  the  system  Ti-6Al-2Cb-plJa,  almost  no 
susceptibility  was  found  for  alloys  with  an 
aluminum  content  of  6  percent,  while  sensitivity 
was  found  at  aluminum  levels  of  6.5  and  7  per¬ 
cent!39)  (See  Figure  15).  Tl-6Al-3Cb  is  almost 
completely  resistant  to  cracking,  while  Ti-7Al-3Cb 
and  Tl-6Al-3Cb-2Sn  were  sensitive.!38)  T1-6A1- 
2Cb-lTa  alloy  was  less  sensitive  than  Ti-7Al-2Cb- 
lTa,  which  agrees  with  Figure  15. 

The  presence  of  isomorphous  beta- 
stabilizers  -  molybdenum,  vanadium,  and  columblum 
-  tends  to  reduce  the  sensitivity  of  titanium 
alloys.  Titanium  alloys  containing  5  to  7  per¬ 
cent  aluminum  plus  1  to  4  percent  vanadium  and/or 
molybdenum  were  found  to  be  insensitive.  The 
addition  of  molybdenum  to  Tl~7Al-2Cb-lTa  or  Tl- 
7Al-3Cb  tended  to  reduce  their  susceptibility  to 
cracking,!38*39)  as  shown  in  Figure  16.  The  addi¬ 
tion  of  molybdenum  is  currently  being  considered 
as  a  compositional  improvement  for  certain  alloys, 
in  order  to  reduce  their  cracking  potential  in 
salt  water.  For  example,  the  Navy  is  currently 
testing  a  Ti-6Al-2Cb-lTa-0.8Mo  modification  of  the 
Ti-7Al-2Cb-lTa  alloy. 

Effect  of  Heat  Treatment 

The  degree  of  susceptibility  of  some  ti¬ 
tanium  alloys  to  stress-corrosion  cracking  can  be 
changed  by  the  heat  treatment  given  the  material. 
The  cooling  rate  from  temperatures  above  the  beta 
transus  and  the  times  and  temperature  of  aging 
in  the  900  to  1500  F  range  are  among  the  factors 
which  have  been  identified  as  important.' 37 * 38 , 3<9 ) 

Il-Al-Cb  System.  The  titanium  system  T 1- 
7Al-3Cb,  with  and  without  molybdenum,  was  found 
to  be  completely  free  from  stress-cracking  when 
water-quenched  after  an  anneal  of  1  hour  at 
1950  F.  Air  cooling  frcm  this  temperature,  how¬ 
ever,  resulted  in  susceptibility.  Also,  quenching 
of  Tl-7Al-2Cb-lTa  from  above  the  beta  transus 
resulted  in  improved  resistance  for  this  suscep¬ 
tible  alloy.'38)  See  Table  13. 

An  aging  treatment  at  1100  F  for  2  hours 
resulted  in  renewed  sensitivity  of  the  Ti-7Ai-3Cb 
and  Ti-7Al-3Cb-0.2Mo  alloys.  With  an  increase 
of  molybdenum  to  Ti-7Al-3Cb-0.8Mo,  complete  re¬ 
sistance  to  cracking  In  salt  water  was  obtained 
when  the  alloy  was  water-quenched  or  air-cooled, 
but  not  when  it  was  furnace-cooled.  The  air¬ 


cooled  alloy  was  made  sensitive  when  it  was  heated 
2  hours  at  1100  f/38)  (See  Table  13.)  Thus,  to 
obtain  resistance  to  cracking  for  susceptible 
alloys  of  the  Ti-Al-Cb  sv'V.m,  it  is  apparent  that 
heat-treatment  modifications  may  be  as  important 
as  composition  changes. 

Ti-8Al-lHo-lV.  Table  14  and  Figure  17, 
present  the  results  of  a  similar  study  to  explore 
the  relationship  between  time  and  temperature 
on  the  susceptibility  of  the  Ti-8Al-lMo-lV  ailuy/39) 
The  results  show  that  the  susceptibility  is  de¬ 
creased  and  eventually  eliminated  when  the  annealing 
temperature  is  increased.  The  lowest  temperatures 
for  no  susceptibility  were  leOO  F  for  the  air¬ 
cooled  condition  and  1550  F  for  the  water-quenched 
condition.  As  shown  earlier  by  the  data  of  Table 
9,  this  alloy  is  quite  susceptible  in  the  mill- 
annealed  and  duplex-annealed  conditions.  However, 
the  triplex-anneal  heat  treatment  was  found  to 
give  good  resistance  to  salt-water  cracking  for 
0.8  inch  plate,  provided  a  short  (15  minute)  anneal 
at  1375  F  followed  by  air  cooling  was  used,  with 
no  subsequent  heating  in  this  temperature  range/39) 

Ti-6A1-4V.  Mill  annealed  Ti-6A1-4V  is 
susceptible  to  salt-water  cracking,  but  proper 
heat  treatment  can  reduce  or  eliminate  this  sus¬ 
ceptibility.!39*39)  Table  15  shows  the  effect  of 
annealing  temperatures  and  cooling  rates  for  Ti- 
6A1-4V.  The  susceptibility  was  determined  by  the 
appearance  of  the  fracture  face.  Annealing 
temperatures  above  1700  F  with  an  air  cool  or 
above  1550  F  with  a  water  quench  resulted  in  no 
appearance  of  cracking  in  seawater  for  0.75-inch 
plate. 

Since  T1-6A1-4V  is  a  mildly  beta-stabilized 
alloy,  heat  treatment  above  1400  F  with  air  cooling 
could  result  in  metallurgical  Instability  in  ser¬ 
vice.  Therefore,  a  duplex  anneal  was  investi¬ 
gated.!39)  This  anneal  consists  of  heating 
1700  F  to  1850  F  for  1  hour  and  air  cooling  (AC) 
followed  by  a  low-temperature  stabilizing  treat¬ 
ment  ( 1200  to  1500  F  for  1/2  hour,  AC) .  This 
treatment  Vs  reported  to  result  in  an  over- ill 
improvement  in  fracture  toughness,  with  only 
slight  sensitivity  to  salt-water  cracking/39) 

See  Table  16. 

£itectg.-<?f  fiatelpajtut  tticmUvsturf.  The 

susceptibility  of  high  aluminum-bearing  titanium 
alloys  to  salt-water  cracking  is  believed  to  be 
due  to  ordering  of  the  microstructure.!38*39) 

This  ordering  Is  believed  to  be  the  result  of  the 
formation  of  Ti3Al.  It  has  previously  been  shown 
that  6  to  10  percent  aluminum  in  titanium  can 
cause  embrittlement  by  ordering  when  the  binary 
alloy  Is  aged  In  the  900  to  1300  F  region/*3) 

This  coincides  perfectly  with  the  stress-corrosion 
cracking  susceptibility  found  for  certain  high 
aluminum-bearing  titanium  alloys  heat  treated  in 
this  temperature  range. 

A  correlation  is  believed  to  exist  between 
microstructure  and  seawater  cracking  for  several 
aluminum-bearing  titanium  alloys.!3®)  In  these 
experiments,  materials  with  a  matrix  of  coarse, 
long  platelets  in  the  microstructure  were  the 
most  susceptible.  Materials  with  fine  platelets 
and  alpha  dispersions  were  not  susceptible. 

Normally,  susceptible  material  was  improved  by 
water-quenching  from  a  high  temperature  bati-annaal. 
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TABLE  4.  EFFECT  OF  SEAWATER  ON  TITANIUM  AULOYS1^38) 


■ 

Condition 

Boainal  Bending  Stress 
in  Air 

Seminal  Beading  Stress 
in  Seawater 

HTl?  .-J  Vi  V  B*i  T?f r.  ul«Uil 

8 low- Botch 
Bend  Test 

Static- Load 
Cantilever  Test 

Sn 

ksi 

Tlae 

■in 

Fracture 

Appearance 

Sea-Mater 

Embrittled? 

Sn 

ksi 

Sn 

ksi 

Tins 

■in 

Alpha  Alloys 

■ 

Ti  Unalloyed 

Alpha  tolled 

102 

157 

45 

64 

Yes 

(AA-70) 

Alpha  toll— 1  +  1400  T, 

i6-Hr  AC 

- 

104 

■FH 

Yes 

■  1  1  II  1  — 

Alpha-Beta  tolled 

ip 

65 

_ 3 _ 

Yes 

■•Ti 

l  1  I  m  ■!  Hi iiia 

1 

233 

■Vi  ^BPl€l 

46 

iio 

Yes 

pp.ra  nnj » o.faa 

221 

166 

760 

lop 

wt9k 

Yes 

■ear- Alpha  Alloys 

8*l 2Cb-lT« 

■at*  Aollad 

lB6 

129 

Zsned 

Yes 

rprwr  IWINlf  ifldeWlI 

232 

mem 

10 

Yes 

(0-06  0-1 

H  p  ni1 :  1J 

193 

166 

70 

WEm 

2 

Yes 

235 

144 

IaSMBd 

Yes 

tOnesHHi 

256 

151 

4 

Yes 

rTm'TTWfSHBBHNI 

to! 

H 

Yes 

pngEoE  \  r?  toPSa? 

m 

■ttl 

n 

Yes 

to ftsaroai 

w\tm  r.nr.  ■■■■■■ 

m±umi 

■Kil 

BE^SJ 

Yes 

iOSSgBM 

i  nr» 

235 

158 

iMMd 

Yes 

1  HTl  URMHIiH 

110 

esa 

lasted 

Yes 

IVTTg  1  ■  HI  — — | 

53 

186 

lflo 

1B6 

200 

■0 

HI 

6*l~2Sn-lMo-lV 

m 

I180J 

Bo 

■nwT— aw 

Inaed 

■0 

IraraMK 

■ 

■■ 

Alpha-Beta  tolled 

101 

135 

15 

103 

an 

Bo 

|LL?JKB1I 

WmMk 

QEiisixsiimen 

MLM 

K^B| 

Bo 

6*  1-2*0 

GSZ3 

191 

Bo 

L-Hr  AC  +  1100  P,  2-Hr  AC 

500 

SU 

I— ■  ll 

BO 

192 

150 

■0 

7X1-2.9NO 

L-Hr  «Q 

Alpha- Bata  Aollad  +  1735  A# 

166 

25 

135 

13 

to 

l~Sr  MQ  +  1100  r,  2-Hr  AC 

T>  g^Tpg^T  ^  U 

■ 

6 

■&a 

K» 

Bo 

KHHM 

1 

mum 

E7MI 

1 

El 

mtm 

■0 

6aL.2to-3V.lno 

Beta  tolled 

WH 

u5 

wi'ys 

120 

542 

■0 

Alpb—-Aata  Aoll*d 

KM 

106 

1780 

140 

2 

Bo 

*All  apaeiaana  win  fatigue  ertdMd  to  a  total  notch  depth  of  25  to  35  percent. 
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TABU  12.  FRACTURE  STRESS  OF  SEVERAL  TITANIUM-BASE  ALLOYS  IN  AIR  AND  SEAMATER^39) 


Alloy 


Heat  Treated 
Condition _ 


Spacliaan 
Size.  In. 


Fractura  Strata  At 
Crack  Root.  kal 


_4il_ 


Sea 

Niter 


Percent  of 

Ms  sum 


tasSan  Satina  imuana 


Tl-5Al-2.5Sn  (Normal) 

1450  F-l  Hr-AC 

0.754 

287 

192 

67.0 

Definite  corrosion 

Ti-5Al-2.5Sn  (ELI) 

1450  F-l  Hr-AC 

0.786 

320 

141 

44.1 

Definite  corrosion 

T1-4A1-3MO-1V 

1350  F-2  Hr-FC 

0.930 

257 

179 

69.6 

No  corrosion  -  rough  frac¬ 
ture  in  both  air  and  sea¬ 
water 

T1-4A1-3MO-1V 

1650  F-l  Hr-NQi 
950  c-8  Hr-AC 

0.932 

158 

144 

91.2 

No  corrosion  -  rough  frac¬ 
ture  in  both  air  and  sea¬ 
water 

Tl-13V-llCr-3Al 

1450  F-l  Hr-AC 

0.980 

264 

139 

52.6 

Definite  corrosion 

T  i-13V-HCr-3Al 

1450  F-l  Hr-NQt 
900  F-40  Hr-AC 

0.994 

89 

95 

107.0 

No  corrosion 

IMI-679 

1650  F-l  Hr-AC j 
95b  F-24  Hr-AC 

1.00 

141 

117 

83.0 

Possible  light  corrosion 

T l-6Al-2Cb-lTa-0 .8Mo 

1950  F-l  Hr-AC 

0.993 

246 

244 

99.2 

No  corrosion 

Shaat  Teat  Result* 

T1-4A1-3MO-1V 

1350  F-2  Hr-FC 

0.114 

145.4 

139.1 

95.6 

No  corrosion 

Tl-BMn 

1300  F-l  Hr-FC 

0.081 

159.6 

110.3 

69.2 

Definite  corrosion 

FIGURE  15.  EFFECT  OF  ALUMINUM  CONTENT  ON  THE  SEA- 
NATER  TO  AIR  FAILURE  STRESS  RATIO  OF 
BETA-MNEALED  PLATEV  39) 


FIGURE  16.  EFFECT  OF  MOLYBDENUM  CONTENT  ON  THE 
SEANATER  ID  AIR  FAILURE  STRESS  RATIO 
OF  BETA-ANNEALED  PLATEl 39} 
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TABLE  15.  EFFECT  OF  ANNEALING  TEMPERATURE  AND  OOCLING  RATE  ON  THE  FRACTURE 
APPEARANCE  OF  T1-6A1-4V  PLATE  TESTED  IN  SYNTHETIC  SEAWATERl »)< 39) 

« 


Heat  Treatment  Fracture  Appearancei  b) 

IgKglllMtt  JOd.  Una _ For  Water  Qu.nch _ For  Air  Cool 

1300  F  -  1  hr  Yes 
1450  F  -  1  hr  Yes 
1550  F  -  1  hr  V.S. 

>60C  t  *  1  hr  Yes 
1650  F  -  1  hr  Yes 
1700  F  -  1  hr  V.S. 

1750  F  -  1  hr  No  No 
1600  F  -  1  hr  No 
1850  F  -  1  hr  No 


* 


(e)  Ht.  21149,  0.75  In.  thicks  all  specimens  tested  by  step  loading  in  three  point  bend. 

(b)  Yes  indicates  a  change  in  fracture  texture  adjacent  to  fatigue  crack. 

No  indicates  no  change  in  fracture  texture  adjacent  to  fatigue  crack, 

V.S.  indicates  very  slight  change  In  fracture  texture  adjacent  to  fatigue  crack. 


TABLE  16.  EFFECT  OF  HEAT  TREATMENT  ON  THE  FRACTURE  STRESS  OF  T1-6A1-4V  IN  AIR  AND  SEANATErO’) 


Noadnal  Fracture 
_ Stress  at  Crack  Root _ 

Fracture( *) 

Heat 

No. 

Thick, 

in. 

_ Heat  Treatment _ 

In  Air, 
ksi 

In  Sea  Water, 
ksl_ 

•js.w.  x  100 
=air 

Surface 

292030(  b) 

0.750 

1450  F  -  1  hr 

-  FC 

212 

170 

80* 

Yes 

292030(b) 

0.750 

1750  F  -  2  hr 

-  AC 

287 

335 

>100* 

No 

21149(b) 

0.750 

1450  F  -  1  hr 

-  FC 

183 

143 

78* 

Yea 

Ditto 

Ditto 

1750  F  -  1  hr 
1200  F  -  1/2 

-  AC  + 
hr  -  AC 

248 

228 

92* 

V.S. 

tf 

If 

1750  F  -  1  hr 
1300  F  -  1/2 

-  AC  + 
hr  -  AC 

260 

235 

89* 

Ditto 

M 

It 

1750  F  -  1  hr 
1400  F  -  1/2 

-  AC  + 
hr  -  AC 

266 

250 

91* 

a* 

aa 

aa 

k 

1750  F  -  1  hr 
1500  F  -  1/2 

-  AC  + 
hr  -  AC 

245 

241 

100* 

♦a 

aa 

aa 

1750  F  -  1  hr 
1650  F  -  1/2 

-  AC  + 
hr  -  AC 

273 

263 

97* 

aa 

(a)  V.  S.  -  Very  slight  evidence  of  seawater  attack. 
Yes  -  Good  evidence  of  seawater  attack. 

No-No  evidence  of  seawater  attack. 


(b)  Plate  tested  at  loading  rate  in  4  point  bend  of  about  6  ksi  per  minute. 
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The  mlcrostructur*  than  became  needlalika  alpha 
(l.e.,  ’•aartenaite") .  Thla  aatarlal  bacaaa  sensi¬ 
tive  if  again  heated  at  1100  F,  with  no  apparent 
changa  In  alcxoatructur*. 

Tha  fracture  of  titanlua  specimens  can  ba 
both  intergranular  and  transgranular.(3S) 

Effact  of  Shift  Thickness 

Tha  degree  of  susceptibility  of  an  alloy 
which  is  sensitive  to  salt-water  cracking  is  af¬ 
fected  by  the  spec loan  thickness.  Most  repro¬ 
ducible  results  are  obtained  for  plate  of  l/2-  to 
1-inch  thickness.  In  thin  sections*  the  specimen 
tends  to  rupture  in  full  shear,  masking  the  effects 
of  corrosion.  This  can  be  shown  by  Figure  18.(35) 


Thickness,  in. 


FIGURE  18.  EFFECT  OF  PLATE  THICKNESS  AND  TESTING 
MEDIA  ON  THE  NOMINAL  FIBER  STRESS  AT 
FAILURE  IN  PRE-CRACKED  BETA-ANNEALED 
T 1-7  Al-2Cb-  IT  a  ALLOT,  TWEE-POINT  BEND 

SPECIMENS' 35) 

For  duplex-annealed  Ti-8Al-lMo-lV,  sus¬ 
ceptibility  Is  reported  for  sheet  of  0.045-  to 
O.OSO-lnch  thick,  but  not  for  0.025-inch  sheet.(5,37) 
Mill-annealed  T1-6A1-4V  is  not  susceptible  in 
sheet  thicknesses  of  0.050  to  0.055  inch.(37,39) 
Susceptibility  is  reported  for  mill-annealed  Ti- 
6A1-4V  at  a  thickness  of  0.500  inch' 37)  and  sus¬ 
ceptibility  for  this  alloy  may  extend  in  thick¬ 
nesses  down  to  about  0.125  inch. 

Considerable  work  is  now  under  way  to  develop 
heat  treatments  which  will  produce  maximum  resist¬ 
ance  to  accelerated  crack  propagation  for  these 
and  other  alloys  and  to  define  the  limits  of  gage 
thickness  over  which  this  susceptibility  extends. 


24  Effect  of  Strain  Rata 

Soma  titanium  alloys  appaar  to  ba  sensitive 
to  the  rate  of  loading  of  precracked  specimens. 

For  example,  T1-6A1-4V  shows  less  susceptibility 
to  stress  cracking  in  salt  water  when  the  speci¬ 
men  is  loaded  in  steps  than  when  it  is  loaded  to 
a  fixed  value  and  subjected  to  a  constant  load.' 39,41) 

This  is  somewhat  related  to  the  internal  re¬ 
laxation  and  redistribution  of  stress  at  stress 
raisers  in  a  material.  Soise  metals  readily  dis¬ 
tribute  these  stresses  and  therefore  show  no  ef¬ 
fect  of  rate  of  strein.  Other  metals  do  not 
redistribute  the  stresses  at  all,  and  thus  behave 
in  a  brittle  manner  with  low  fracture- toughness. 

Rapid  loading  of  precracked  T1-6A1-4V  samples 
caused  failure  at  a  stress-intensity  of  31  ksl  /in. 

In  salt  water.  By  step-loading  an  identical  speci¬ 
men  (1  ksi  /in.  each  B  minutes),  failure  did  not 
occur  in  salt  water  until  a  stress  Intensity  of 
51  ksi  /in.  was  reached.  A  similar  result  was 
slso  shown  in  highly  oxidizing  nltrogan  tatroxida 
liquid.  When  step-loaded  at  2.5  ksl  /in.  or  lass 
every  4  to  8  minutes,  failure  occurred  at  about 
80  ksl  /in.  However,  loading  from  62.5  to  69 
ksl  /In.  in  about  1  minute  resulted  In  almost  Im¬ 
mediate  failure.' 4‘) 

In  long-term  step-loading  tests  in  air  and 
seawater,  the  failure  stress  was  found  to  Increase 
by  15  percent  when  samples  were  step-loaded  each 
hour,  and  by  30  percent  when  samples  were  step- 
loaded  each  60  to  120  hours.(39)  See  Table  17. 

In  order  to  minimize  the  affect  of  strain  rata, 
a  constant  load  procedure  was  evaluated.  A 
loading  rata  of  about  6  ksl/mlnute  was  used  above 
about  50  percent  of  the  estimated  fracture  stress. 

TABU  17.  EFFECT  OF  TESTING  PROCEDURE  ON  THE 

FAILURE  STRESS  OF  T1-6A1-4V  SHEET(a)(39) 


Failure  Stress  at 

- CmL  tarts  lil _ 

Hit  Prcfittiuw - In  Air _ ta.  SMMtM 


Direct  load  to  failure  158 

Step  load  every  hour' b) 

187 

232 

Step  load  every  60  to  120  243 

hours(  W 

265 

(a)  Heat  30695*  0.125  in.  thick. 

(b)  Step  loaded  approximately  20  ksl  starting  at 
about  90  ksl. 

A  similar  sensitivity  to  strain  rate  has 
bean  reported  for  Tl-4Al-3Mo-lV.(41)  This  suggests 
that  other  alpha-beta  titanlua  alloys  might  also 
behave  in  this  manner. 

Effact  of  Grain  Direction 

Table  18  shows  that  the  transverse  grain 
direction  in  both  the  Ti-SAl-lMo-lV  end  T1-6A1- 
4V  alloy  has  lower  fracture  toughness  In  both  air 
and  salt  water.  This  wouloybe  expected,  based  on 
other  mechanical  properties  of  materials.  It  Is 
Interesting  to  note  that  the  fracture  orientation 
of  some  titanium  alloys  was  also  different  for  air 
end  selt-weter  exposure/ 38,41, 42) 


TABU  18.  STRESS  INTENSITY  AT  FAILURE  FOR  LONGITUDINAL  AND  TRANSVERSE  TITANIUM 
IN  AIR  AND  SALT  WATERUl) 


Allov 

_ Alt 

■B  l.J  1 141(1  !•  1 1 1  ( 1  ■■ 

Transverse 

Ti-8Al-lMo-lV 

Mill  Anneal 

50 

24 

28 

17 

TI-8AI-IM0-IV 

Duplex  Anneal 

62 

53 

36 

20 

T i-6Al-4V 

Mill  Anneal 

72 

63 

35-70 

31-37 

( a)  Step-loaded. 

Melding 

A  few  preliminary  experiments  have  been  re¬ 
ported  on  the  effect  of  weldments  on  the  fracture 
toughness  of  susceptible  alloys  in  seawater.' 38) 

In  one  case,  Ti-7Al-2Cb-lTa  plate  was  beta-annealed 
and  water  quenched  to  obtain  maximum  resistance  to 
stress-corrosion  cracking.  This  plate  was  then 
welded,  and  subjected  to  salt-water  fracture  tests. 
However,  failure  initiated  at  the  toe  of  the  weld 
and  propagated  into  the  base  plate  at  a  stress 
level  comparable  to  normally  susceptible  material. 
Stresi  relieving  a  similar  welcknent  at  1200  F  for 
2  hrs  AC  gave  no  improvement. 

Similar  tests  on  T1-6A1-4V  (alpha-beta 
rolled)  and  Tl-7Al-2.5Mo  (alpha-beta  rolled  + 

1735  F/l  hr/Wq  +  1100  F/2  hr/AC) ,  followed  by 
welding,  gave  no  failures  up  to  128  and  175  ksl 
nominal  fiber  stress,  respectively. 

effect  of  pH  and  Ta»exature  of  Salt  Solutions 

Varying  the  pH  of  a  3-1/2  percent  NaCl  solu¬ 
tion  between  4.5  and  8  has  little  effect  on  the  su¬ 
sceptibility  of  T 1-8 Al-lMo-1 V  and  T1-6A1-4V  alloys. 

At  a  pH  above  or  below  these  values  the  alloys  appear 
to  have  an  increased  susceptibility  as  shown  In  Table 
19.(37,41)  These  alloys  are  slightly  more  suscepti¬ 
ble  to  cracking  at  32  F  than  at  room  temperature  or 
above.  See  Table  19. 

, 

Irt  preliminary  low-cycle  (1  cpra)  corrosion 
fatigue  Studies  In  seawater,  the  results  ware  found 
to  parallel  static  tests  for  Ti-7Al-2Cb-lTa,  T1-7A1- 
2.5Mo,  end  Tl-6Al-2Sn-lMo-lV  alloys. (38)  9mooth, 
notched*  and  fatigue-cracked  speclmena  ware  used. 
Only  th»  Tl-7Al-2Cb-lTa  alloy  showed  susceptibility 
to  corrosion  fatigue.  Susceptibility  was  observed 
for  all  three  specimen  configurations.  The  fracture 
was  typical  of  a  stress-corrosion  crack  rathsr  than 
a  fatigue-type  crack. 

Other  Liquids 

The  effects  of  several  liquids  on  the  aUvss- 
corroslon  cracking  of  several  precra'cked  titanium 
alloys  are  shown  In  Table  20.  The  addition  of  small 
amounts  of  FeClg,  AICI3,  or  Duponol  watting  agent  to 
salt  water  does  not  significantly  alter  the  behavior 
of  TI-8AI-IM0-IV  or  T1-6A1-4V  In  salt  water. 

Little  susceptibility  is  noted  for  several 
acids.  In  fact,  as  one  would  expect,  stress 
Intensity  values  somewhat  higher  than  In  air  are 


sometimes  found  with  highly  oxidizing  environments 
such  as  nitric  acid. 

In  short-term  tests,  nitrogen  tetroxlde 
gives  about  the  same  stress  intensity  values  as  In 
air .(*2)  However,  after  a  12-day  exposure  to  N2O4, 
TI-6A1-4V  failed  in  a  brittle  manner  typical  of 
stress-corrosion  cracking.  As  noted  earlier  In 
this  note,  the  T1-6A1-4V  alloy  does  appear  sus¬ 
ceptible  to  stress  corrosion  by  liquid  N204  and 
efforts  are  under  way  to  define  the  conditions 
under  which  this  behavior  can  occur. 

The  limited  data  of  Table  20  indicate  that 
the  susceptibility  of  titanium  alloys  to  crack 
propagation  may  be  greater  in  tap  and  distilled 
water  than  it  is  In  air. 

Some  susceptibility  to  cracking  is  indicated 
by  certain  hydrocarbons.  Methyl  and  dodecyl  alco¬ 
hol  appear  to  increase  the  crack  propagation  sus¬ 
ceptibility  of  some  titanium  alloys,  whereas 
kerosene  end  acetone  do  not.  It  is  suggested  that 
this  variation  may  be  due  to  the  conductivity  of 
the  hydro-carbons,  e.g.,  water  content,  since 
electrochemical  reactions  may  be  controlling/411 

Of  the  liquid  metals,  mercury  severely  lowers 
the  stress  Intensity  factor  for  titanium  alloys. 
Mercury  apparently  causes  as  great  or  greater  a 
susceptibility  than  does  salt  water/41)  Gallium 
shows  no  adverse  effect. 

E&atoilatort  Htthinlaas 

Stress-corrosion  cracking  is  normally  con¬ 
sidered  to  be  a  two-step  process  involving  ( 1) 
initiation  phase  and  (2)  propagation  of  the  crack. 
The  use  of  a  precracked  specimen  essentially 
eliminates  the  initiation  stage.  The  mechanism 
of  the  cracking,  however,  appears  to  be  consistent 
with  the  several  theories  advanced  to  explain 
the  mechanism  of  stress-corrosion  cracking  in 
metals.  They  arei 

1.  Electrochemical.  The  electrochemical  theory 
proposes  that  the  initiation  and  propagation 
of  the  crack  are  purely  electrochemical 
dissolution  of  continuous  highly  localized 
paths  which  are  anodic  to  the  bulk  of  the 
material.  These  paths  may  be  preexisting, 
such  as  along  grain  boundaries, or  they  may 
form  as  a  result  of  phase  changes  resulting 
either  from  high  stresses  at  the  apex  of  the 
crack  on  the  diffusion  of  corrosion-produced 
hydrogen  into  the  metal.  High  stresses  such 


TABLE  19.  EFFECT  OF  pH  AND  TEMPERATURE  ON  STRESS 
AND  T1-6A1-4V  IN  3-1/2#  NaCl  WATER 

INTENSITY  AT  FAILURE  bF 
l 

Ti-SAl-lMo-lV 

Allov  oH 

Temperature, 

F 

Approximate 
Stress  Intensity, 
kal  /in. 

Reference 

No. 

TI-8AI-IM0-IV 

RT(  a) 

50(b) 

41 

4.5 

RT 

28 

41 

7 

RT 

29 

41 

9 

RT 

26 

41 

n 

RT 

25 

41 

7 

32 

27 

41 

7 

RT 

29 

41 

7 

150 

29 

41 

T1-6A1-4V 

RT 

62-72<b) 

37,41 

2 

RT 

46 

41 

4 

RT 

50 

41 

4.5 

RT 

53 

37 

6 

RT 

54 

41 

7 

RT 

54 

37 

8 

RT 

54 

41 

9 

RT 

48 

37 

10 

RT 

31 

41 

11 

RT 

45 

37 

7 

32 

49 

37 

7 

RT 

54 

37 

(a)  Room  temperature. 

(b)  Air. 


TAKE  20.  EFFECT  OF  LIQUID  ENVIRONMENT  ON  CRACK  PROPAGATION  OF  TITANIUM  ALLOYS 


Grain 

Stress  Intensity 

Reference 

Direction 

Environment 

kii/iiw'*' 

No. 

Tl-SAl-lMo-lV  Mill  Anneal 

L 

3-1/2#  NaCl  +  0.5#  FeClg, 

30 

(  47) 

41 

pH  2.2 

Ditto 

L 

3-1/2#  NaCl  +  1.0#  AICI3, 

26 

(  47) 

41 

pH  7.0 

m 

L 

3-1/2#  NaCl  +  0.1#  Duponol 

30 

(  47) 

41 

m 

L 

3-1/2T  CaCl2,  pH  8.2 

25 

(  47) 

41 

* 

L 

2#  HN03,  pH  0.8 

55 

(  47) 

41 

it 

L 

0.9!#  H0SO4,  pH  1 

NjO.,  125  F  +  Helium  to 

250  pslg  , 

43-50  (  47) 

41 

w 

L 

65 

(  47) 

42 

« 

L 

Moist  Air 

39 

(  47) 

42 

« 

L 

H2,  1750  pel 

49 

(  47) 

42 

L 

Kerosene 

50 

(  47) 

41 

it 

L 

Acetone 

52 

(  47) 

41 

H 

L 

Trichloroethylene,  trace 

34 

(  47) 

41 

sealer 

M 

L 

Dodeeyl  Alcohol 

43 

l  47) 

41 

M 

T 

Dodeeyl  Alcohol 

21 

(  29) 

41 

L 

Methyl  Alcohol 

31 

(  47) 

41 

m 

L 

Mercury 

26 

(  47) 

41 

L 

Gallium,  90  F 

49 

(  47) 

41 

m 

L 

Deionized  Water 

35 

(  47) 

41 

m 

T 

Deionized  Water 

19 

(  29) 

41 

Duplex  Anneal 

T 

Water 

32 

(  55) 

37 

Ditto 

T 

SO#  HtC3 

32 

(  55) 

37 

» 

T 

2#  HF 

30 

(  55) 

37 

1450  F/l  hr/AC  or  WQ 

L 

Kerosene 

41 

(  41) 

37 

1100  F/8  hr/ AC 

1850  F/l  hr/NQ  + 

L 

Kerosene 

31 

37 

( <37 ) 

1100  F/8  hr/AC 

1/8  In.  sheet 

* 

Distilled  Water 

25 

(<SO) 

36 

27 


TABLE  20.  (Continued) 


Allov 

Condition 

Grain 

Direction 

Stress  Intensity 
_ ksi  /In.'*) _ 

Reference 

No. 

T1-6A1-4V 

Mill  Anneal 

L 

3-1/2*  NaCl  +  0.5*  FeCl3, 
pH  2.2 

49 

(  72) 

41 

Ditto 

L 

3-1/2*  NaCl  +  1.0*  A1C13, 
pH  7.0 

46 

(  72) 

41 

H 

L 

3-1/2  *  NaCl  +0.1*  Duponol 

46 

(  72) 

41 

L 

N204,  125  F  +  Helium  to  250 
pslg 

79 

(  70) 

42 

M 

L 

N2O4,  183  F  +  Helium  to  250 
psig 

78 

(  70) 

42 

L 

N204,  125  F  +  0.5*  Water, 

He  to  250  psig 

88 

(  70) 

42 

" 

L 

N204,  125  F  +  0.25*  HC1,  He 
to  250  psig 

83 

(  70) 

42 

N 

L 

NgOj,,  125  F,  He  to  80  psig 

70(  b) 

(  70) 

42 

*> 

L 

Kerosene 

71 

(  72) 

41 

se 

L 

Dodecyl  Alcohol 

67 

(  72) 

41 

fl 

L 

Methyl  Alcohol 

70 

(  72) 

41 

a* 

L 

Mercury 

22 

(  72) 

41 

* 

T 

Tap  Water 

41 

(  51) 

37 

Ti-7Al-2Cb- 

As  Received 

• 

Tap  Water 

103(  c) 

(  183)(c) 

38 

IT  a 

Ditto 

- 

Distilled  Water 

9l(c) 

(  183) (c) 

38 

N 

- 

NaOH  solution,  pH  10 

125(c) 

(  183)(c) 

38 

n 

. 

Distilled  Water 

63 

(<100) 

36 

** 

- 

Tap  Water 

57 

(<100) 

36 

(a)  Air  value  in  parentheses. 


(b)  Failure  after  12  days. 

(c)  Nominal  fiber  stress,  ksi. 


as  those  existing  at  the  tip  of  a  crack  also 
can  shift  the  potential  in  the  less  noble 
direction. 

2.  tfoctanlcaU Jlcchtni.stl-51tstmhwUsal •  it 

Has  been  proposed  that  the  only  role  of 
corrosion  is  to  initiate  a  pit  or  other 
stress  raiser,  which  intensifies  the  stress 
to  a  point  where  the  tensile  strength  of 
the  naterial  is  exceeded  and  thus  mechanical 
fracture  of  the  metal  occurs.  Proponents  of 
this  theory  also  point  out  that  oxides  and 
other  corrosion  products  formed  within  the 
pit  or  crack  can,  and  in  fact  do, result 
in  a  wedge  action  which  results  in  me¬ 
chanical  rupture  of  the  metal  at  the  tip 
of  a  crack. 

3.  Stress-sorption .  This  theory  proposes  that 
surface  active  ions  which  absorb  in  mono- 
or  double  layer  act  to  set  up  charges  on  the 
metal  surface.  These  charges  reduce  the 
binding  energy  of  the  atoms  which  are  then 
ruptured  by  the  high  stress. 

The  available  evidence  strongly  suggests 
that  the  mechanism  is  electrochemical  in  nature. 
For  example,  studies  have  shown  that  cathodic  pro¬ 
tection  can  prevent  crack  propagation  and  can 
arrest  propagation  «dien  applied  to  a  moving 
crack .(Al)  The  electrochemical  behavior  of 
crack  propagation  is  shown  in  Figure  19.  The  af¬ 
fect  of  applied  potential  on  the  susceptibility 
of  Tl-SAl-lMo-lV  and  T1-6A1-4V  to  salt-water 
cradling  can  be  seen.  Note  that  the  application 


FIGURE  19.  THE  EFFECT  OF  APPLIED  POTENTIAL  ON  THE 

STRESS  INTENSITY  FACTOR  TO  CAUSE  FAILURE 
IN  3-1/2  PERCENT  SALT  WATER' 

Applied  Potential,  mv  to  calomel 

of  anodic  (+)  potential  (anodic  dissolution)  does 
not  seem  to  Increase  the  susceptibility  to  cradl¬ 
ing.'41' 
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Hydrogen  embrittlement  do«»  not  appear  to 
be  Involved  in  the  mechanism  sine*  the  generation 
of  hydrogen  by  cathodic  protaction  and  cathodic 
charging  for  9  hour*  at  -1400  av  did  not  result 
in  a  brittla  fracture.  In  addition,  no  differences 
susceptibility  were  observed  for  Ti-8Al-lMo-lV 
containing  20  to  190  ppm  H2. 

The  nature  of  the  anodic  (corroding)  phase 
of  the  crack  was  not  determined,  but  it  was  sug¬ 
gested  that  the  phase  may  be  produced  during  the 
test  rather  than  preexisting.  Potential  measure¬ 
ments  Airing  step-loading  of  some  highly  sus¬ 
ceptible  TI-8AI-IM0-IV  specimens  show  potential 
peaks  Just  after  each  load  is  applied,  and  prior 
to  failure.  This  potential  rise  may  be  caused 
byi 

1.  Exposure  of  fresh  metal  by  rupture 
of  the  oxide  film 

2.  Microcracking 

3.  Localized  stress  concentration 

4.  Localized  phase  changes  under  stress 
(hydride  precipitation,  TI3AI 
formation,  etc). 

The  relationship  between  heat  treatment  of 
high  alumlnuo-tltanium  alloys,  precipitation  of 
TI3AI,  and  cracking  susceptibility,  as  discussed 
previously,  adds  evidence  to  the  belief  that  TI3AI 
precipitation  may  be  related  to  the  path  of  the 
crack.  I 

Although  the  mechanical,  mechanical- 
electrochemical  and  stress-sorption  theories 
can  not  be  ruled  out  on  the  basis  of  the  present 
information,  they  appear  less  likely  than  the 
electrochemical  theory. 
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